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Preface 



All celestial bodies emit in the infrared, and half of the radiation of galax- 
ies lies in this wavelength range. This domain is crucial for studies of the 
solar system, stars at the beginning and end of their lives, interstellar mat- 
ter, and galaxies at all distances. Recent developments in observational 
techniques have been tremendous; several airborne observatories, many 
balloon flights, two large satellites (the American-Dutch-English InfraRed 
Astronomy Satellite (IRAS) and its successor, the European Infrared Space 
Observatory (ISO)), have been dedicated to this domain, as well as the 
smaller Japanese satellite, InfraRed Telescope in Space (IRTS). One dedi- 
cated small American satellite, the Submillimeter Wave Astronomy Satellite 
(SWAS), is presently in orbit, and many more are to come. 

A fast-growing aspect of research in astronomy is the use of archive 
data. For example, data from IRAS, which ceased operations in 1984, 
are still actively used. Indeed, there have been many more publications 
from this archival research than from the initial exploitation of the obser- 
vations by the principal investigator groups, probably by a full order of 
magnitude. Similarly, the archives of the Hubble Space Telescope are in a 
very active phase of exploitation which is proving to be extremely fruitful. 
The ISO archives are of unprecedented value because the far-infrared wave- 
length range has been so little explored before, in spite of the many facilities 
listed above. Their use, however, is more difficult than those of the Space 
Telescope due to their novelty and to the complexity of the instrumentation 
and the observation modes of this satellite. 

The ISO made its first observations on 28 November 1995 and ceased 
operating in April 1998 due to completion of the evaporation of the cryogenic 
liquid helium, well after the nominal duration of the mission of 18 months. 
ISO was a full success. The four ISO instruments operated very well in spite 
of their complexity. All the data obtained with ISO are progressively being 
made available in the public domain via well-organized archives, and their 
systematic exploitation is beginning. 

The purpose of Session LXX of the Les Houches Smnmer School was 
to attract a new community of scientists, ranging from graduate students 
to senior researchers, to this field of research. In total, 48 people attended 
the four-week session in the beautiful setting of the school. They learned 
the basis of infrared astronomy, and, equally as important, from how to 
use the archival data the ISO. This will help prepared them for the many 




infrared and submillimeter space facilities planned for the fnture: ODIN 
(launched in 1999), MAP (2000), SOFIA (2001), SIRTF (2002), IRIS (2002), 
PLANCK SURVEYOR (2007), FIRST (2007), etc. 

The lectures covered the whole spectrum of infrared astronomy. The 
first courses gave an introduction to the basic physical processes, methods 
of detection, and data processing, etc. Then, a series of lectmes dealt 
with the wide variety of astronomical objects as seen in the infrared, from 
planets and comets to interstellar matter, newly born and evolved stars, and 
galaxies nearby or at the largest observable distances. It will be interesting 
to consider the progress made recently, in particular as a result of the ISO 
observations, by comparing these lectures to the papers of these workshop 
held at the Centre de Physique des Houches in June 1991. The latter was 
devoted to the scientific preparation of the ISO mission and published in the 
book “Infrared astronomy with ISO” , ed. Th. Encrena^; and M.F. Kessler, 
Nova Science Publishers, New York, 1992. 

An important and original aspect of the teaching of the Session consisted 
in the practical work on ISO observations, which allowed the participants to 
visualize and handle these data, to perform new reductions, and to compare 
ISO observations with data at other wavelengths. Four powerful SUN work- 
stations with 12 X-terminals were available with all the necessary reduction 
software and a collection of ISO data, as well as other, complementary data. 
Highly competent assistants introduced the participants to the reduction 
(and pitfalls!) of the data and helped them constantly in their work. This 
was especially appreciated by the participants, who were enthusiastic about 
this experience. 
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SOME QUANTITATIVE ASPECTS OF GALACTIC 
AND EXTRAGALACTIC INFRARED ASTRONOMY 



M. Harwit 



1 Introduction 

Two types of infrared astrophysical problems have been intensively studied 
in recent years. The first is an investigation of primary coolants. The second 
is the nature of the diffuse extragalactic infrared background radiation. 

The formation of stars and galaxies involves gravitational collapse. A 
cloud of gas and dust can collapse and remain in a compact state, only 
if it is able to shed energy. Otherwise the heat generated in contraction 
leads to re-expansion to the cloud’s original size. To understand the forma- 
tion of astrophysical bodies we, therefore, need to understand the cooling 
mechanisms involved and the nature of the main coolants. The first part 
of this chapter provides an elementary quantitative approach to this topic 
and describes some of the chemical characteristics of the coolants. 

For roughly three decades, increasingly sophisticated attempts have been 
made to determine the strength of an extragalactic infrared background flux. 
Simultaneously, progress has also been made on deep surveys that would 
reveal faint, distant sources of infrared radiation. These two approaches are 
complementary. One attempts to assess the overall energy budget of the 
Universe, the other to understand the sources of this energy. The second 
half of this chapter takes up this problem and provides elementary means 
to a quantitative approach. 

2 Energy dissipation in cosmic clouds 

The formation of stars and galaxies appears to result from the gravitational 
collapse of massive clouds of gas and dust, either spontaneously or as a 
result of triggering by compressive shocks. However, unless a compressed 
cloud can dissipate energy, it will elastically rebound. To remain compact 
it must cool itself ~ radiate away energy - on a time scale comparable to 
the collapse time. This is a two-step process: an atom, molecule, or grain, 
is first collisionally excited by heated ambient gas. In a second phase; it 

© EDP Sciences, Springer-Verlag 1999 
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radiates away this excitation energy. If this process is rapid, the energy 
drain on the cloud is appreciable and it cools even as it is compressed. 

Let us first consider a gas consisting solely of atoms and molecules. To 
collisionally excite each other, the translational energies of these particles 
must equal or exceed the excitation energy for low-lying atomic or molecular 
levels. Once this threshold is exceeded, radiative cooling can set in. 

The rate of cooling is determined by two sets of parameters - the colli- 
sional excitation cross sections of the gaseous constituents and the rate at 
which they can radiate away energy. The excitation cross sections, for vir- 
tually any gases found in galactic clouds, tend to be of order 10“^® cm^. In 
that respect there is little difference between the various atomic and molec- 
ular constituents. The efficiency with which atoms or molecules radiate, 
however, varies enormously. 

Neither atomic nor molecular hydrogen radiates efficiently below 1 000 K. 
At these temperatures, atomic hydrogen emits only in a hyperfine transition 
at a wavelength A = 21cm, corresponding to an energy jump of merely 6 x 
10“® eV. Since the Einstein spontaneous decay probability for this transition 
is only A = 2.87 x 10“^® s“^, the cooling rate through 21-cm emission could 
maximally be of the order of 1 K in a hundred million years. This is far 
too slow. Shocked cloud collapse is believed to take no longer than tens 
of thousands of years and involves lowering temperatures by hundreds of 
degrees Kelvin. 

Hydrogen molecules, the predominant constituents of Galactic dust- 
shrouded clouds, are also inefficient radiators. H 2 is a symmetric dipole 
molecule; it can only radiate by virtue of a quadrupole moment. The spon- 
taneous emission probability for such molecules is many orders of magnitude 
lower than for the dipole radiation of asymmetric molecules. 

As a coolant, H 2 also has an additional restriction. Even its lowest 
rotational states can be collisionally excited only in gas at temperatures 
above ~ 100 K, while interstellar molecular clouds are normally far cooler. 
Once excited, the lifetime before radiating to a lower state is measured in 
years if not centuries. Pure rotational emission of H 2 therefore, tends to be 
relatively ineffective. 



3 Impurities 

Collisions that are insufficiently energetic to excite hydrogen molecules into 
rotational states, may still be able to elevate impurities like atomic oxygen, 
O, carbon, C, or singly ionized carbon, C“*", to low-lying fine-structure levels 
within their ground electronic states. A fine- structure transition involves 
a change in electron-spin angular momentum relative to orbital angular 
momentum. Thus we find that the interfaces between neutral and ion- 
ized clouds, the so-called photodissociation regions (PDR), are most readily 
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detected through the fine-structure transitions of oxygen atoms, which ra- 
diate at 63 and 146 /im, and of C“'" ions whose characteristic emission line 
lies at 158 /xm. 

Deep within molecular clouds, where temperatures may be well below 
30 K and excitation energies are correspondingly low, neutral carbon can 
emit through fine-structure transitions at 609 and 370 /xm, water vapor 
radiates at 539 /xm, and carbon monoxide molecules, CO, radiate at 2.6 mm 
= 2600 /xm. Cooling in a shocked dense molecular cloud at T < lOOOK 
thus depends on impurity constituents, such as O, C, CO and H 2 O which, 
though low in abundance, are readily excited through collisions and rapidly 
radiate collisional energy away - only to be excited again to repeat the cycle. 

The only significant exception to the preeminent role of impurities as 
coolants, lies in the contraction of primordial protogalaxies. These should 
have consisted of virtually pure hydrogen and helium, with no impurities 
other than traces of lithium which negligibly affect the cooling rate. 

Since molecular hydrogen is difficult to directly detect in cold molecular 
clouds, its abundance often must be inferred from the observation of rota- 
tional transitions of CO. Carbon monoxide, though far less abundant than 
H 2 , readily radiates. The normal isotopologue, ^^CO, however, is not an en- 
tirely reliable tracer, because its emission is easily reabsorbed by successive 
layers of ^^CO through which the radiation must pass to escape a cloud. 
More reliable measurements may be based on ^^CO transitions, which are 
less strongly self-absorbed, because the ^^CO isotopologue is less abundant. 

The vibrational spectrum of H 2 can be excited, once sufficiently high 
temperatures are reached, as in shocked regions with temperatures 
> 2 000K. At these temperatures colliding molecules vibrationally excite 
each other. Once excited, H 2 has a transition probability of for 

emitting radiation and relaxing to a lower vibrational state. This means 
that the molecule typically remains excited for about a week before radi- 
ating away vibrational energy. The energy of the emitted photon is well 
defined and corresponds to the energy difference between the upper and 
lower rotationally excited vibrational states. 

Molecular hydrogen can be dissociated by ultraviolet photons insuffi- 
ciently energetic to ionize hydrogen atoms. This radiation passes virtually 
unhindered through neutral atomic gas and might be expected to easily 
destroy hydrogen molecules in a neutral cloud. H 2 , escapes this fate only 
inside dark, dust-shrouded clouds where it is well shielded by an abundance 
of interstellar grains. The dust absorbs the ultraviolet photons and protects 
the hydrogen molecules. 
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4 Population of excited states 

Atoms and molecules in thermal equilibrium can be collisionally excited into 
high-lying rotational, vibrational or electronic states, whenever a relevant 
threshold temperature is exceeded. Consider two atomic or molecular pop- 
ulations, r and r -|- 1, respectively representing particles in energy states 
£r and £r+i- Impact of photons, atoms, and molecules, may transform the 
population in state r into state r-l- 1; the emission of photons may similarly 
drive populations in state r -I- 1, back into state r. Quite generally, thermal 
equilibrium dictates that the number densities, rir+i and rir are related by 

nr+i/nr=[gr+i/gr]a^]?-[£/kT] (1) 

where gr+i and gr are the degeneracies - the statistical weights - of the 
upper and lower states and £ is the energy difference, £r+i — £r, between 
these states. 

The quadrupole transitions in molecular hydrogen involve a change in 
rotational quantum number A J = ±2. Transitions from a state with even 
quantum number, J = 0,2,4, 6 ,... always take the molecule into another 
even numbered rotational state. Similarly, odd-J states can only make 
transitions to other odd-J states. The even rotational states of H 2 have 
their nuclear spins antiparallel, a configuration that has statistical weight 
1. The odd states have their nuclear spins parallel, a configuration with 
statistical weight 3. To obtain the net statistical weights, the nuclear spin 
weights must be multiplied by the purely rotational statistical weight 2 J-|- 1 
of a state J, giving the net weight 

g,j = 2J + 1, for even states, and gj = 3(2J -|- 1), for odd states. (2) 

Families of states with greater statistical weight are usually designated ortho 
states, while those with lesser weight are called para states. For H 2 , the ortho 
states are the odd rotational states, J = 1, 3, 5, ..., while the even states, 
J = 0, 2, 4 ..., are the para states. 

If we plot the natural logarithm of nj / gj versus £j for all purely ro- 
tational states J of molecular hydrogen in a gas in thermal equilibrium, 
equation (1) indicates that we should obtain a straight line, whose slope is 
— 1/kT, where T is the temperature of the gas. Figure 1 presents two such 
plots derived from rotational spectra of H 2 observed with ISO. Figure la 
refers to a region of the planetary nebula NGC 7293, the “Helix Nebula”. 
The temperature derived for this region is Trot = 900 K. Figure lb shows a 
similar plot for Herbig Haro 54, an outflow region from a young stellar ob- 
ject. Here, we see an alternation of ortho and para states, where the ortho 
transitions, S(l), S(3), and S(5) refer to transitions to lower states J = 1, 
3, and 5. When the relative weightings of 1 and 3 are applied, respectively 
to the para- and ortho states, transitions between the odd levels are found 
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to be systematically low compared to transitions S(2) and S(4). A better 
fit is obtained if the ortho- to para-IÎ 2 ratio is assumed to be only 1.2. This 
suggests that the outflow comes from a region that was initially so cold, 
that virtually all of the gas had made a transition to the pure para state 
J = 0 (Neufeld et al. 1998). 

Transitions from odd states, to the ground state J = 0, can take place 
over extremely long periods of time and may be aided by contact with traces 
of atomic hydrogen or dust grains. In the laboratory, pure molecular hydro- 
gen will eventually undergo such a transition if kept at low temperatures 
for weeks or months, but the process is greatly accelerated by the addition 
of active charcoal to the hydrogen (Herzberg 1950). In interstellar clouds, 
ortho-to-para transitions can take many thousands of years (Timmermann 
1998). 



5 Cooling rates 



To obtain a quantitative estimate of cooling rates in atomic or molecular 
clouds, consider a cloud with number density n. Let the cloud have an 
impurity concentration A of a species of atom or molecule with a low-lying 
level with collisional excitation cross section a. If the Einstein coefficient 
for spontaneous emission of a photon with energy e is A and the gas tem- 
perature is T, then the cooling rate per unit volume is 

( 3 ) 



where m is the mass of a hydrogen atom or molecule. This assumes that 
the collisional excitation rate is far slower than the spontaneous emission 
rate 



n 



f3kT 



1/2 

cr < A. 



(4) 



m 



Otherwise, collisional excitation can be followed by de-exciting collisions, 
and radiative cooling becomes less efficient. The cooling rate, L, can be 
expressed in terms of frequently encountered cloud parameters, as 




Note that this is independent of A. The cooling rate needs to be compared 
to the heat content per unit volume, H, 



H ~ nkT = 10 ® ^ erg cm 

Vl06cm-3/ \^70K/ 



(6) 
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Fig. 1. ISO observations of rotational energy level popnlations of H 2 for the 
ground vibrational state, a) A region of the planetary nebula NGC 7293 (Cox 
et al. 1998) b) A region in the Herbig Haro outflow HH54. Alternating states have 
nuclear spins aligned: parallel, ortho (O), or antiparallel, para (P). For NGC 7293 
the ortho and para states have come into thermal equilibrium. In HH54, the 
outflow appears to have started with gas at extremely low temperatures, where 
virtually all the molecules were in the ground para-state. The observed ortho-to- 
para ratio for the cloud is only 1.2 (after Neufeld et al. 1998). 
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The ratio of these two quantities gives the cooling time 



^cool 



H 

T 




10®cm-3 

n 



10-3 eV^ ^ 




( 7 ) 



For the numerical parameters enclosed in parentheses the cooling time is 
roughly 200 yr. This interval corresponds to the time required by a shock 
at speed 15 kms“3 to cross a distance of 10^® cm. It suggests that turbulent 
motions at supersonic velocities should be rapidly damped and cannot long 
persist in a cloud. 

We may still compare the cooling time to the free-fall time, ts, for a 
spherical cloud. This is 



iff 




40 000 



10 ® 

n 



1/2 



yr, 



(8) 



where p is the gas density and G the gravitational constant. For our assumed 
parameters, the collapsing cloud can cool itself far more rapidly than free 
fall. This may explain why, to date, we have not definitively identified any 
genuine, collapsing protostars - although ISO observations at wavelengths 
of ~ 15 pm have revealed tantalizing protostellar candidates deep inside 
dusty clouds. With perhaps just one star forming in the entire Galaxy 
per year, the low concentration of these protostars and the brevity of their 
collapse phase may make them difficult to detect. The free-fall epoch is 
a hundred times shorter than the main sequence lifetime of even the most 
massive, shortest-lived stars. For stars of solar mass, the protostellar epoch 
amounts to one part in a million of the total life span. In contrast to the 
total number of stars, very few protostars exist at any given time. 

While the Einstein coefficient A does not appear in equation (5), its 
neglect is warranted only if 

^ (lOScm-s) (tOk) ( 10-1® cm2 ) ® ’ (^) 

that is, if spontaneous emission is significantly more rapid than collisional 
de-excitation. 

This is often true. For CO the J*® rotational state has a coefficient 
Aj ~ 1.118 X IQ-i" J3 s-i. The wavelengths for these transitions lie at Xj ~ 
2 600/J microns equivalent to a temperature Tj = hc/Xj ~ 2.765 J^K. 
Atomic oxygen has a fine-structure transition at 63 microns with A = 
9 X 10-®s-i. This means that both CO at J > 7 and atomic oxygen 
meet the requirement. Water vapor also has a large number of lines with 
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high A values. The relative cooling capabilities of CO and H 2 O depend on 
density and temperature (Fig. 2). At high densities, n(IÎ 2 ) > 10®cm“^, 
and moderate temperatures, T > 30 K, water vapor tends to dominate the 
cooling of molecular clouds. At lower temperatures and densities, CO is 
more effective. 

All these cooling rates assume that the optical depth of the cloud is low. 
If the column density rises to the point where self-absorption dominates, ra- 
diative cooling by atoms and molecules becomes progressively less efficient. 
A typical value for the Einstein absorption coefficient within a spectral line 
envelope is B{v) at line frequency v 



B{y) 



A 

Av’ 



(10) 



where Av is the Doppler width. This means that the column density Nx 
of a constituent A in a cloud cannot exceed 



Nx = [B{n)]-^ 



( 11 ) 



without appreciable line trapping within the cloud and lowered efficiency 
for radiating away energy. 

6 Grains and ices 

With ISO, we have, for the first time, been able to obtain sets of full spectra 
of interstellar dust absorption and emission. From this, it is clear that 
interstellar dust consists not just of refractory solids - silicates, graphite 
and amorphous carbon (Fig. 3). In well-shielded, cold clouds, we observe 
grains coated with various ices of water, carbon dioxide, carbon monoxide, 
methanol, and methane. Such ices can act as rough temperature gauges 
for these regions, since their vapor pressures vary greatly with temperature. 
CO sublimes around 20 to 25 K, CO 2 at 55 to 80 K and H 2 O at temperatures 
of 100 to 150 K in interstellar clouds. By measuring the abundance ratios of 
these constituents in their solid and gaseous phases, their local temperatures 
can be estimated. 

The ices observed in spectra like that of NGC 7538 IRS9, in Figure 3, 
are an indication of the temperature of their surroundings. At increasing 
temperatures the ices sublime at a rate determined by the rising vapor 
pressure Pvap of the grain material. The vapor pressure at a temperature 
T is that pressure at which the rate of vapor deposition on a grain is just 
equal to the rate of evaporation. At low pressures, the mass impact rate 
per unit area is 
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Fractional Contribution by Major Coolants 




4 6 8 10 4 6 8 10 

l°gion(Ha) log,„n(H3) 

Fig. 2. Cooling power of different cloud constituents as a function of H 2 density 
and temperature (after Neufeld al. 1995). 

In equilibrium this is also the evaporation rate from the surface. The am- 
bient pressure must exceed the vapor pressure if the grain is to grow. 

Molecular hydrogen has a vapor pressure of about 10“^ torr at 4K. 
This corresponds to a density of ~ 10^^ molecules cm“^, far higher than 
any expected for interstellar space. On the other hand, grains are never 
likely to be cooler than 4K. This means that hydrogen cannot very well 
remain on grains, unless it is chemically bound by the presence of other 
substances or else adsorbed on the basic grain material. 

For water ice the situation is somewhat more complex. Ice grains are pre- 
dominantly destroyed through sputtering - collision with energetic protons 
which knock atoms off a grain’s surface, eventually destroying it through 
ablation. Only on very close approach to a star do H 2 O molecules apprecia- 
bly sublime off grains as dust temperatures rise. This is what happens when 
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Fig. 3. Spectrum of the cold interstellar molecular cloud NGC 7538 seen toward 
the embedded source IRS9, from 2.5 to 45 /rm. The absorption features due to 
various solid constituents of interstellar grains are identified (after Whittet al. 
1996) 



a comet approaches the Sun from the outer portions of the Solar System. 
The surface warms until water, ammonia, and other ices sublime. 

Our recognition of grain constituents is immeasurably helped by labo- 
ratory studies. Solids do not have the sharp spectral features that uniquely 
help us to identify gases. Various mineral constituents and mixtures of 
ices can only be identified through comparison with spectra obtained in 
the laboratory, at cryogenic temperatures and low pressures that simulate 
interstellar conditions. 



7 Polycyclic aromatic hydrocarbons 

Hydrocarbons are molecules consisting primarily of carbon and hydrogen. 
They are some of the simplest organic - meaning carbon-based ~ molecules. 
A particularly stable hydrocarbon molecule is an assembly of six carbon 
atoms in a benzene ring to which hydrogen and other atoms may be at- 
tached. Molecules based on this type of structure are called aromatic hydro- 
carbons. Molecules comprising several benzene rings are called polycyclic 
aromatic hydrocarbons, PAHs. Naphthalene is made up of two benzene 
rings, anthracene of three, and many millions of far more complex aggregates 
are known. In contrast to benzene-ring structures, straight-chain molecules 
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or side-chains are said to be aliphatic. 

An exact identification of interstellar carbon macromolecules has not 
been possible to date, but the ubiquitous presence of unidentified infrared 
(UIR) emission exhibiting bands at 3.3, 6.2, 7.7, 8.6 and 11.3 /rm is taken 
as strong evidence for a high abundance of large aromatic molecules. The 
3.3 /im feature is attributed to the aromatic CH stretching frequency; the 
6.2 and 7.7 /xm bands appear to be due to aromatic CC stretching; the 
11.3/im band is due to aromatic CH bending. In some sources, interstel- 
lar absorption or emission may also be due to aliphatic compounds which, 
respectively, exhibit the 3.4 and 6.8 /im CH stretching and bending modes 
(Schutte et al. 1998). 

The PAH macromolecules appear to contain on order of one hundred 
heavy atoms. This can be inferred from the large number of infrared 
photons emitted in response to the incidence of a single photon of visi- 
ble or ultraviolet light. Each of these absorbed photons gives rise to dozens 
of infrared photons emitted at the characteristic bending and stretching 
frequencies. That the infrared emission is triggered by individual UV or 
visible photons is shown by the constancy of the emission spectrum in en- 
vironments showing extreme variations in radiation density and spectral 
hardness. Observations with ISO have shown that absorbed UV and visible 
photons produce identical PAH emission spectra. The wide ranges of radia- 
tion densities that all produce the same emission spectrum, additionally tell 
us that the macromolecules are responding to individual exciting photons. 
The re-radiated emission rapidly follows the absorption of a single photon; 
the macromolecule quickly returns to its ground state until excited by the 
next incident energetic photon. In contrast to larger interstellar grains, 
which reach an equilibrium temperature with their ambient gas and radia- 
tion fields, PAHs acquire no characteristic equilibrium temperature, except 
perhaps in their (to date unidentified) rotational modes. 



8 Grain formation 

Grains appear to form primarily in the atmospheres of cool giant stars or 
Mira variables. Both types of stars exhibit stellar winds - ejection of gas 
into interstellar space. The atmospheres of these stars are dense so that 
a grain can rapidly form when the temperature drops sufficiently. Dust 
formation must, however, occur within roughly a year after material in the 
wind leaves the photosphere. Beyond this, the outflowing gas becomes too 
rarefied. 

We can readily estimate the growth rate of a grain at a time t when its 
radius is a{t). Atoms and molecules impinge on the grain with velocity v. 
If the number density of heavy atoms with mass m is n, the growth rate of 
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Fig. 4. Portion of a spectrum of water vapor observed in the oxygen-rich star 
W Hya (after Barlow et al. 1996). 



the grain is 

2^0 TTa?nmv 

4™ 37 = «S , 

at p 



(13) 



where p is the mass density of the grain, Og is the sticking coefficient for 
impinging atoms, and the left side of the equation represents the rate at 
which the grain’s volume grows. Taking v ~ yJikT /m, we obtain 



da 

dt 



n^/ikTm 



Ap 



«S • 



(14) 



With n ~ 10®cm“^, m ~ 12 atomic mass units for carbon, and a stellar 
wind temperature T ~ 2 x 10^ K, the radius of a graphite grain could grow 
at a rate da/dt ~ 3 x 10“^^ cm s“^. At this rate a grain with radius 
a ~ 10“® cm would form in a year. This would provide a nucleus that could 
subsequently still grow, possibly because radiation pressure would keep it 
moving slightly faster than ambient gas flowing out from the star. This 
relative motion could permit the grain to sweep up additional material. 

The equilibrium temperature T that a grain assumes at a distance R 
from a star, is determined by the grain’s absorptivity for the star’s radiation 
£a, and its own emissivity £e. 



/ £a Lq 

\£r la-nuR? 



1/4 



(15) 



Not all the grains are at the same distance from their parent star, and 
we therefore expect a rather broad thermal emission spectrum representing 
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radiation by grains at different distances from the star and at different 
effective temperatures. 

As the dust forms, radiation pressure from the star accelerates it. The 
dust drags along the ambient gas, to produce the stellar wind and account 
for the mass loss to the interstellar medium. In oxygen-rich stars, like W 
Hya, water vapor forms in this outflow (Fig. 4). The strengths of the 
observed infrared emission lines have been used to estimate the total mass 
loss (Neufeld et al. 1996; Barlow et al. 1996). 

Once formed, and ejected into interstellar space, these grains have a 
semi-permanent presence. They eventually get assimilated into stars, as 
protostellar clouds collapse, or they may be destroyed in a number of differ- 
ent ways. In Hii regions, radiation pressure can accelerate small grains to 
higher velocities than larger dust particles. When their relative velocities 
reach ~ 1 kms“^, collisions among grains can destroy them. In addition, 
as already mentioned, sputtering by cosmic rays eventually destroys grains 
through ablation. 



9 Cooling of dense clouds by grain radiation 



In dense clouds, large, a > 10“^ cm, grains are heated by frequent colli- 
sions with atoms. They re-emit this energy in the far infrared, typically 
at wavelengths of the order of 100 /xm. Molecular clouds at extremely low 
temperatures are primarily cooled through dust emission (Fig. 5). During 
final protostellar collapse, when clouds are dense and molecular emission is 
strongly self-absorbed, grain emission appears to also provide the bulk of 
the cooling that permits the cloud to contract to form a star. 

Grains can cool the gas only as rapidly as atoms or molecules transfer 
their energy to the dust. If the grains are taken to be roughly spherical with 
radius a, the rate of heat transfer to a grain is 



dt^gi" 

dt 



= n2Tra? 




T^r) 



;vT2 

Af 



(16) 



The expression on the left is the heat dQgr transferred to a grain in time dt. 
This is proportional to the number of hydrogen molecules per unit volume, 
ri 2 , assuming H 2 to be the dominant gas constituent; the grain collision 
cross section for gas impact, tto^; the speed (3fcT2/m2)^/^ with which the 
molecules of mass m 2 travel at the gas temperature T 2 ; the difference in 
grain and gas temperature T 2 — Tg^; a factor a denoting the efficiency with 
which impacts transfer energy from a molecule to a grain; and, finally, 
the energy the molecule has that it could transfer, 0 ^X 2 / N. Here M is 
Avogadro’s number and Cv is the heat capacity per mole of gas. 

As a protostellar cloud contracts, it eventually becomes opaque, per- 
haps at the time its radius is of order of a few hundred astronomical units. 
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Fig. 5. Far-infrared scans of a very cold isolated dust cloud with molecular gas. 
The relative emission at 60, 90, 135, and 200 fim shows that the temperature of 
the grains lies in the range of 12 to 15 K. Note that the 135 and 200 fim curves are 
displaced, respectively, by 50 and 100 units, and that the 60 and 90 /rm curves are, 
respectively, multiplied by factors of 40 and 10, to make them better visible on the 
drawn scale. A7go is the (displaced) residual 90 ^m radiation after subtraction of 
the scaled 200 ^m emission, (after Laureijs et al. 1996). 



Thereafter, it can at best emit as a blackbody. 



10 The Sunyaev-Zel’dovich effect 

ISO observations have permitted detection of grain emission at the center of 
a cluster of galaxies. In such clusters, X-ray observations frequently detect 
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intense emission from ionized gas at a temperature of ~ 10® K. This gas not 
only radiates through free-free emission, it also inverse-Compton-scatters 
the cosmic microwave background radiation. The X-ray emission is propor- 
tional to the square of the electron number density along the line of sight, 
f rig dr. Inverse-Compton-scattering is proportional to the column density 
of electrons, f Uedr. The inverse-Compton process boosts the energy of 
photons back-scattered toward the observer, and diminishes the flux of back- 
ground radiation reaching an observer from beyond the cluster. The overall 
effect is to raise the observed flux short of the peak wavelength, around 
830 /xm, and to diminish it in the long-wavelength tail of the blackbody 
microwave background spectrum. This is the Sunyaev-Zd’dovich effect. 

The effect is small. Silverberg et al. (1997) have attempted to measure 
it in the Coma Cluster, at wavelengths of 450, 610, 1000 and 1800 ^m, but 
obtained only upper limits of the order of AT ~ 50 to 100 /iK to a tem- 
perature deviation from the blackbody background temperature of 2.73 K. 
At the shortest wavelengths this corresponds to an uncertainty of order 
10“^^ W cm“^s“^. 

Stickel et al. (1997) have observed the same cluster at somewhat shorter 
wavelengths, 120 and 185 /xm, with ISO, and And warm dust emission 
at a temperature of order 26 to 38 K, depending on the grain emissivity 
assumed at long wavelengths. The corresponding flux from the central 
10 arcmin of the source at these wavelengths is of the order of 0.7 Jy, 
amounting to 10“^®Wcm“^. Future attempts to precisely measure the 
Sunyaev-Zel’dovich effect should take into account emission by dust that 
could deceptively mimic the effect. 

The appearance of dust in the center of a cluster is puzzling. The sputter- 
ing rate of grains in such a hot. X-ray emitting cloud is expected to destroy 
grains on a time scale of order 10® yr (Dwek et al. 1990). Does this mean 
that the dust is continuously replenished, either by stripping of galaxies as 
they collide, or through ejection from galaxies by supernova outbursts? Or 
could the sputtering rate be overestimated? More sensitive observations, as 
well as observations on a larger sample of galaxies, may help to resolve such 
questions. 



11 The diffuse extragalactic background, cosmic metallicity, and star 
formation 

Two critical observational advances have taken place in the past two years. 
The first is the determination of a diffuse extragalactic FIR background 
(Puget et al. 1996 and Hauser et al. 1998). The second is the detection 
of faint distant galaxies at FIR wavelengths (Kawara et al. 1998; Puget 
et al. 1998) and in the submillimeter domain (Hughes et al. 1998; Barger 
et al. 1998). Taken together these two types of studies show that at least a 




18 



IR Space Astronomy 



fraction of the FIR extragalactic background radiation, amounting perhaps 
to > 10%, is contributed by faint, distant galaxies. Hughes et al. (1998), 
who found no visible or near infrared galaxies at the positions of most of 
the sources they identified in the Hubble Deep Field, suggest that the rest 
might originate in distant, dust-shrouded galaxies at red shifts z = 2 to 4, 
undetectable at short wavelengths. 

A number of observations argue against such an early origin. Lanzetta 
et al. (1995) have suggested that Ly-a absorption systems are galaxies or 
progenitors of galaxies, by showing that these systems are hydrogen rich 
at large red shifts and rich in stars at low red shifts. Rao et al. (1995), 
find a drop in gas content of an order of magnitude from z ~ 3.5 to 0. 
They test the hypothesis that this decline is due to an assimilation of gas 
into stars, by comparing the density parameter for luminous matter (stars) 
seen today fig (-2 = 0), to the density parameter for gas at high red shifts, 
f2g(z = 3.5). They find that the two density parameters are approximately 
equal ~ 0.003 h~^, where h is in units of 100 km s“^ Mpc“^ - strongly 
supporting the conversion of damped Lya systems into the galaxies observed 
today. 

Pettini et al. (1997) have estimated the abundance of zinc in damped Lya 
systems at red shifts z = 0.7 to 3.4, and determined the parameter [Zn/H] 
= logiQ{n{Z{z))/n{H{z))/{n{ZQ)/n{HQ)) at various red shifts z. Zinc is a 
useful tracer of metallicity, since it appears not to be readily deposited from 
the gaseous phase onto interstellar grains. At red shifts beyond z ~ 2.8 
only upper limits [Zn/H]< —1.39 could be established, indicating a zinc 
deficiency > 25. But even at red shifts z = 0.5 to 1.5 [Zn/H] maintains a 
mean value as low as ~ —1.0, suggesting that the bulk of zinc production 
took place at rather recent epochs. Songaila and Cowie (1996) have shown 
that, at red shifts z > 3, the abundance of carbon in these systems is roughly 
a factor of 100 lower than solar abundance. 

Some authors have argued that these derived abundances may be mis- 
leading if the generated heavy elements were quickly, explosively ejected 
from parent galaxies, through supernova blasts, and were no longer de- 
tectable. But Cowie and Songaila (1998) have recently shown that the 
observed carbon and oxygen abundances at red shifts z = 2.6 to 3.4 are 
roughly independent of the optical depth of the Ly-a absorbers, even at low 
optical depths, indicating that both residual and ejected materials (if any) 
appear to be observed. 

The possibility that heavy elements and entire galaxies might be totally 
shrouded by dust also seems possible, but is unlikely to be common. Zuo 
et al. (1997) have estimated the absorption of dust for blue light in the 
damped Lya systems. They infer unit optical depth for column densities 
of order 2 to 3xl0^^cm“^. While Lya absorbers with column densities as 
high as this are certainly known, such clouds are relatively rare. Songaila 
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et al. (1995) find that their observed incidence drops inversely with column 
density. The good agreement between zinc and carbon deficiencies at high 
red shifts further suggest that little of the carbon was depleted on grains at 
early epochs. The observed abundances of heavy elements thus are likely 
to be reasonable tracers of energy generation in massive and supermassive 
stars at early epochs. 

Studies of the oldest Galactic stars lend strong credence to this view. 
Timmes et al. (1995), compared abundances determined in QSO 
absorption-line systems with abundance trends in the Galaxy as inferred 
from spectral observations of nearby dwarf stars. They found good agree- 
ment provided they assumed that metal production was delayed until the 
Universe was of the order of a (model-dependent) billion years old. Gowan 
et al. (1995) studied the Galactic ultra-metal-poor star GS 22892-052. Its 
metallicity [Fe/H] ~ —3.12, while not the lowest known, exhibits a spec- 
trum rich in neutron-capture r-process elements also found in quasars. The 
observed abundances indicate synthesis primarily in an early generation of 
massive stars that ejected the heavy elements in supernova explosions of 
Type II. 

The general picture that emerges is that the earliest production of heavy 
elements occurred in Population III stars whose masses, though not estab- 
lished, were sufficiently high to produce and explosively eject r-process ele- 
ments. This population originated at a cosmic age of ~ 1 Gyr, which, for a 
Hubble constant of order 50 km s“^ Mpc“^ amounts to a (model-dependent) 
red shift 2 : ~ 4 to 5. The metallicity at these early epochs was 2 to 3 or- 
ders of magnitude lower than today. All observations agree that substantial 
accumulations of heavy elements did not appear until 2 ; ~ 2. 

Fall et al. (1996) and Madau et al. (1998), respectively, have exam- 
ined energy production rates as a function of observed metallicity and star 
formation rates. As shown below, both these approaches put stringent con- 
straints on the epoch at which a substantial diffuse extragalactic radiation 
component could have originated. While the earliest heavy elements appear 
to have been generated in massive stars, significant amounts of energy will 
also have been generated in low and intermediate mass stars that hardly 
affect the observed elemental abundances. 

12 Background observations 

Puget et al. (1996), obtained the earliest estimate of a diffuse FIR extra- 
galactic background flux. They based their findings on observations ob- 
tained with the Far-Infrared Absolute Spectrometer (FIRAS) onboard the 
Gosmic Microwave Explorer satellite (GOBE). Their estimate amounted to 
a flux, at wavelengths between 200 and 400 /im, of XI\ ~ 3nWm“^ sr“^. 
They revised these estimates in a paper by Guiderdoni et al. (1997), to raise 
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the observed flux at 300 to XI\ ~ 7 nWm“^sr“^, corresponding to a 
radiation density /J 300 /xm ~ 3 x 10“^® erg cm“^. 

These early results have recently been complemented by measurements 
from the Diffuse Infrared Background Experiment (DIRBE) aboard the 
COBE satellite. Hauser et al. (1998), And a somewhat higher integrated 
energy, from 140 to 240 /xm, of XI\ ~ 10nWm“^sr“^, which corresponds 
to a background radiation density of P 200 fim ~ 47tA/a/c ~ 4 x 10“^^ erg 
cm“^ in this wavelength band. Fixsen et al. (1998), used both DIRBE and 
FIRAS data and found the total FIR background from 125 /xm to 2 mm to 
be slightly higher, corresponding to ppiR ~ 6 x 10“^® erg cm“^. 

For purposes of the present paper we will adopt a value of pfir 
~ 6 X 10“^® erg cm“^ for the extragalactic FIR/SMM radiation density. 
However, this is only a fraction of the total diffuse extragalactic energy 
density, which may well be an order of magnitude higher. In the mid- 
infrared, between ~ 5 and 100 pm, only coarse upper limits are available, 
all of which are much higher than the FIR/SMM values. Dwek and Arendt 
(1998) obtain a 3.5 pm radiation density of 3 x 10“^^ ergcm“^ from DIRBE 
observations. In the wavelength band from 3600 to 22 000 Â, Pozzetti et al. 
(1998) have estimated a total flux equivalent to ~ 4 x 10“^® erg cm“^ from 
discernable sources in the Hubble Deep Field. Dwek et al. (1998), provide a 
comprehensive review of these figures, which emphasizes how difficult all the 
observations are, making the results correspondingly uncertain. However, 
the FIR/SMM diffuse radiation can, at most, account for roughly half of the 
total. For present purposes we can write the total extragalactic radiation 
density, exclusive of the 2.73 K microwave background radiation, as 



Pi' 



6 X 10-15 

It 



erg cm 



(17) 



where 0.05 < ft < 0.5 is the fraction of the total that lies in the FIR/SMM 
range. The upper limit comes from the UV /optical/near infrared contribu- 
tion; the lower limit comes from mid-infrared extragalactic source counts, 
summarized by Dwek et al. (1998), and from the implications of the ob- 
served TeV gamma-ray flux from Mrk 501 (Coppi and Aharonian 1997; 
Stanev and Franceschini 1998). 



13 Contributions from discrete sources 

Discrete sources of background emission have been identified in a variety 
of observations obtained with ISO and the submillimeter bolometer array 
receiver (SCUBA) on the James Clerk Maxwell telescope in Hawaii. Using 
ISO, Taniguchi et al. (1997) found 15 sources at 5 to 8.5 pm, with a total 
flux of 1 mjy, in a 3' X 3' field, corresponding to a radiation density of 
P 7 /itn ~ 1-5 X 10-i®ergcm-5. Conducting an ultra-deep survey in the 12 
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to 18 /im band, based on the lensing of background galaxies, Altieri et al. 
(1998) derived a preliminary density of sources at fluxes above 50 /xJy at 
2.5 X 10“"^ per square degree. This corresponds to a radiation density of 
order pis ~ 1.5 x 10“^®ergcm“^ as well. 

Kawara et al. (1998) conducted a deep survey over a 1.1 square de- 
gree field. At 95 and 175 /rm, respectively, they found 36 and 45 sources, 
all brighter than 150 mJy. The corresponding radiation density in this 
~ 140 /im- wide band at 120 /xm is /»i 2 o /xm ^ 10“^® erg cm“^. Prelimi- 
nary results from Puget et al. (1998) at 175 /xm have a comparable value of 
Pi75 /xm > 7 X 10“^'^ergcm“3. 

At 850 /im two deep surveys have been undertaken, both using the 
SCUBA array. Hughes et al. (1998) have found five sources in a 5.6 square 
arc minute field for a total flux of 20 mJy, or XI\ = 1.5 x 10 ^°Wm ^ sr 
while Barger et al. (1998) have found two sources with a combined flux of 
8 mJy in two such fields of view. The respective energy densities at 850 /xm 
found in these two studies are ~ 6 x 10“^^ and ~ 1.3 x 10“^^ergcm“^. The 
source statistics are low, so this difference in results in not too surprising. 

14 Star formation rates, metallicity, and energy production 

Madau et al. (1998) have made a persuasive case for estimating star forma- 
tion rates, and hence energy generation rates on the basis of luminosity of 
distant sources in the 0.15 to 2.2 /xm wavelength band. This approach is 
complementary to estimates of energy generation rates based on observed 
metallicities (Fall et al. 1996). Figure 6 shows a typical plot from Madau 
et al., with star formation rates shown both in terms of unit time inter- 
val and as a function of unit red shift interval. For illustrative purposes 
we have taken age to be proportional to (1 -I- appropriate to a flat, 

zero-pressure Universe, with deceleration parameter qq = 0.5, for which 
àt/àz = — to(l + with to the current age of the Universe. Plotted in 

this way, the data show that even an anomalously high star formation rate 
at high red shifts, makes only minor contributions to the integrated energy 
density. 

Directly detected star formation rates or metallicity, however, under- 
estimate the true heavy element and energy production. The fraction of 
material previously ejected from stars, /ej, and the energy per unit mass, 
£ej, generated in the process are only part of the story. We need to also 
consider the fraction f(z) of all baryonic mass currently known to be in 
stars, which has radiated away energy without ejecting mass. The remnant 
cores of stars that have ejected heavy elements retain substantial amounts 
of nuclear processed material. Neutron stars and white dwarfs consist pre- 
dominantly of such converted material. 

a. White dwarfs constitute a fraction /wd ~ 0.1 of the mass of all 
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Fig. 6. Energy generation rates at different epochs, and their contribution to 
the present energy density. The curve with symbols is from Madau et al. (1998) 
and refers to the comoving UV energy generation rate for a flat universe with 
zero pressure and a deceleration parameter qo = 0.5, in units shown on the left 
- ergs s”*^ Hz”*^ Mpc”*^. The comoving energy generation rate per unit interval 
Az is also plotted in units shown on the right hand scale. It illustrates the 
rapidly diminishing time intervals At that correspond to unit red-shift interval 
Az = 1 at increasing red shifts a: At/ Az oc (1 -I- The energy generation 

and reception rates in both sets of units remain invariant under red shifts, but the 
bandwidth diminishes as (H-^) leading to a reduced effective reception rate. This 
is displayed by the lowest curve which reduces the contribution to the background 
by a cumulative factor proportional to (1 -I- z'f^'^ . The implication is that the 
bulk of the integrated diffuse extragalactic background was generated as recently 
as 2 < 1.5. To match the assumptions of Madau et ai, all the curves are based 
on a Hubble constant of 50 km s“^ Mpc“^. 



stars. Vassiliadis and Wood (1993, 1994), have traced the evolution of stars 
with initial masses ranging from 0.89 to 5 Mq and find that the ejected 
mass contains hardly any elements heavier than helium, that the helium 
content of the ejected gas is only a few percent higher than the initial 
fraction, but that the final core masses of processed material range from 
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~ 0.55 for the lower mass stars to ~ 0.9 Mq for stars at the high end of the 
range. We may, therefore, approximate the energy that was generated per 
unit white dwarf mass as a fraction £Twd ~ 0.008 of the star’s current mass. 

b. Neutron stars constitute a fraction /„g ~ 0.01 of all stellar mass, 
and have also converted a fraction £ ~ 0.008 of this mass into energy. 
The neutron star’s rotational energy immediately after collapse into a body 
rotating with a millisecond period is of order 0.2% of the mass-energy. Dis- 
sipation of this velocity may generate roughly one quarter the energy that 
went into nuclear conversion to produce neutron star matter. A typical neu- 
tron star with mass M ~ 1.4 Mq, thus will have radiated away a fractional 
amount of energy per unit mass £ns ~ 0.01. 

c. To the energy generated by the remnant neutron star we still need 
to add the energy generated in producing the heavy elements ejected in 
the supernova explosion that created the star. This corresponds to the en- 
ergy created in producing the heavy elements and non-primordial helium 
observed in stellar atmospheres and the interstellar medium. Chieffi et al. 
(1998) have recently compared estimates by various authors of the total 
mass of heavy element ejecta from supernovae, as contrasted to the mass 
retained in the core. For a star whose initial mass was 25 Mq the current 
consensus appears to favor ejection of a mass of approximately 4 Mq in 
carbon, oxygen, neon, magnesium and silicon. In addition, the star also 
yields 9 Mq of "‘He, and a core mass of iron Mpe ~ 1.5 Mq. The core mass 
computed by Woosley and Weaver (1995) is somewhat higher, at ~ 2 Mq. 
All this again suggests that the metallicity observed in stellar atmospheres 
or the interstellar medium, represents only about one quarter of all the hy- 
drogen that has produced electromagnetic radiation as it was processed into 
helium and heavier elements. Consistent with this ratio of heavier elements 
to helium in supernova ejecta, we find that heavy elements constitute about 
2% of the sun’s mass, and that the sun’s helium content is roughly 30% by 
mass, about 6% higher than the primordial helium abundance. The ratio 
of heavy elements ejected to those retained in neutron stars is also con- 
sistent with an overall neutron star complement amounting to ~ 1% of all 
stellar mass. We write /ej ~ 0.02, £ej ~ 0.01, respectively determined by 
solar heavy element abundance and nuclear plus kinetic energies released in 
supernova explosions. 

d. Stellar mass black holes may radiate away an amount of energy 
comparable to neutron stars, but they appear to be rare, and probably do 
not contribute greatly to the overall electromagnetic energy constituting 
the extragalactic background. While radiative energy is also produced in 
the assimilation of matter into black holes at the center of galaxies, neither 
the fractional mass in black holes, nor the efficiency with which some of 
this mass has radiated away electromagnetic energy are currently known. I 
leave these in functional form, /bh and £bh> but will assume that the product 
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/bh£^bh is negligible, and does not need to be included in the estimates given 
below. 

e. Finally, we need to also consider the class of low-mass stars that 
have never reached the white dwarf stage, but have nevertheless contributed 
to the radiation density, though not to the observed metallicity. Their 
fraction by mass, /^m, depends on the stellar birth rate function. These 
different sources of energy suggest three separate estimates of contributions 
to the extragalactic background. The first is for a single burst, at red shift 
z, of rapidly evolving, massive, primordial. Population III objects with a 
fractional mass fej{z) + fns{z). The second is for a continuous generation 
of massive stars that evolve primarily into neutron stars and white dwarfs. 
Here, the rate of formation at epoch z is /(z) = /ej(z) -I- fns{z) + fv!d{z), 
which needs to be integrated over the appropriate red-shift interval Az. 
The last is for low-mass stars that may have formed at early times and have 
continued to shine at roughly constant luminosity for most of the history of 
the Universe. 



15 Must most of the energy production have occurred 
at low red shifts z? 

The contribution to the radiation field by massive stars can be estimated 
from the dependence of the observed metallicity Z on red shift z. To lowest 
order, the data are consistent with a systematic metallicity decline by a 
factor of 10 over increasing red-shift intervals Az = 2 

Z/Zq ~ (18) 



15.1 A Single star burst at red shift z 

Taking the metallicity as a tracer of cumulative energy production in rapidly 
evolving Population III stars, we see that at epoch z, the baryonic mass 
density pB in a flat universe with deceleration parameter = 0.5 is 



Pb 



3gg(l + ^)^ 

8ttG 



Ub- 



(19) 



Here, Ub is the baryon density parameter, Hq is the Hubble constant today, 
and G is the gravitational constant. The fraction of mass that has been 
converted into heavy elements by epoch z, and the energy generated in this 
process is given by the stars that complete their evolution on time scales 
short compared to the age of the Universe and end up as supernova ejecta, 
neutron stars or black holes. We may approximate this by /(z) = al0“^/^, 
where a ~ 0.1. This value of a is based on a solar abundance of heavy 
elements of ~ 2%, non-primordial helium of ~ 6%, and the complement 
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of neutron stars that currently constitute roughly 1% of baryonic mass. 
Combining the nuclear and kinetic energies cited in Section 14, we may 
take e ~ 0.01. 

If all Population III objects were formed in a single burst at epoch 2 ;, 
the radiation density pi, observed today would be 



PÀz) = 



3ffg(l + 
SttG 



alO-^/2 



9 

C £ 



{i + zY 



(20) 



or 
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( 21 ) 



Comparison to equation (17) shows that this process fails to provide the 
requisite background energy density, even at an epoch as late as 2 : = 2, and 
even though the assumed value of fie ~ 0.01 is considerably higher than 
Lanzetta et al. (1995), or Rao et al. (1995) have assumed. 



15.2 Continuous formation of massive stars 



For continuous formation of massive stars from the earliest epochs, we note 
that the energy production rate is just the derivative of f{z) 



d/(^) _ 

d0 



1.15eac e 



1.15eac 10-^/2. 



(22) 



Here Oc ~ 2a takes into account that roughly 10% of the baryonic mass 
is in white dwarfs, and assumes that the birth rate function xp does not 
greatly change over the æons. We also adopt an approximate mean value 
e ~ 0.01. The definite integral that produces today’s red-shifted energy 
density integrated from epoch 2 : = 5 to the present, has the form 

rO - 1.152 

/ -dz = 0.543 (23) 

(1 + ^) 

SO that 
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50 km s“^ Mpc“^ 




(24) 



This value is consistent with the background radiation observed, even for 
fie as low as ~ 0.003, provided the FIR/SMM background is a fraction 
ft Pc 0-3 of the total. Since the metallicity rises sharply, all but ~ 4% of the 
light contributed to the background is generated after 2 : ~ 2, and so is of 
relatively recent origin. 
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15.3 Low-mass stars 



For low-mass stars, we simplify the calculation by assuming that they all 
have mass M < Mq, were formed at a single epoch, and have steadily 
radiated at constant luminosity, ever since. Taking a birth rate function 
^ cx and a luminosity proportional to M^, we find the mean luminosity 
for stars of mass 0.1 Mq < M < Mq to be (L/M) ~ 0.05 Lq/Mq ~ 
0.1 erg (g s)~^. If a fraction of all the baryons is in low mass stars, the 
generated radiation energy density increases at a rate 

p,{z) ~ (L/M) fUl + zf = (L/M)poB/£m(l + 2)' (25) 

where poB is today’s baryon density. Due to the decline in energy through 
the red shift, today’s diffuse extragalactic energy density becomes 

_ f Pv{z) , _ ^ .L f POBftm , 

(1 + Z)4^ (l + ^)7/2‘^^ (26) 

where to ~ 2Hq/3 is the present age of the Universe, and the age of the 
Universe at any given time is t ~ <o(l + z)~^^‘^. This means that 
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10-^5 



{L/M) \ / Ho \ /f^\ /Üb\ 

0.1 y Uokms-^Mpc-V V0-5y VO-Oiy 



erg cm 



(27) 

for stars that have been steadily shining since 2;max 1- This is significantly 
lower than the observed background. 



15.4 Directly observed star formation 

For illustrative purposes, we may also consider an observational star for- 
mation and energy generation rate given by Madau et al. (1998). Figure 6 
shows their data for the UV energy generation rate in a comoving volume 
of 1 Mpc^ in units of erg Hz“^ s“^ shown on the left-hand scale. For the 
flat cosmological model with qo = 0.5 that they assume, we can derive the 
corresponding energy generation rate per unit red-shift interval in units of 
erg Hz“^ z~^. This is shown in the lower curve labeled “Generation Rate” 
and refers to the scale on the right. It dramatically illustrates that time in- 
tervals At corresponding to unit red-shift intervals Az = 1 rapidly diminish 
as 0 increases: Whatever the energy production rate at early times may be, 
epochs at high red shifts do not last long and therefore contribute little to 
the total energy density. The lowest curve in the figure shows the additional 
drop by a red-shift factor of {l-\- z) in the radiation density observed today 
from energy generated at epoch 2 ;. This shows how ineffectively early energy 
production contributes to today’s diffuse extragalactic radiation density. 
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16 The epoch from which the bulk of the integrated background 
radiation reaches us 

The extragalactic radiation density observed in the FIR, is most readily un- 
derstood in terms of energy generated by massive stars radiating primarily 
at recent epochs z < 2. Conversely, for currently estimated baryon densi- 
ties, massive stars could not have generated a large fraction of the heavy 
elements at high red shifts, and still account for the high levels of diffuse 
infrared background radiation observed with COBE. Almost any star for- 
mation rate consistent with metallicities observed at different red shifts z 
leads to the same conclusion. Energy generation rates could have been high 
at early epochs z > 4, but the duration of such epochs is always brief ex- 
cept in inflationary Lemaître universes, not considered here. Disregarding 
the 2.73 K microwave background, Figure 6 shows that, for at least one cur- 
rently popular model, the bulk of the integrated extragalactic background 
radiation reaching us today must have been generated at epochs z < 1.5. 
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OVERVIEW OF THE ISO MISSION 



M.F. Kessler 



Abstract 

This paper presents an overview of the European Space Agency’s 
Infrared Space Observatory mission. ISO, a facility open to the 
general astronomical community, covered the wavelength range from 
2.5 — 240 /rm at a wide variety of spectral and spatial resolutions and 
was operational between November 1995 and April 1998. The ISO 
data archive opened to the community in December 1998, at URL 
‘ ‘www.iso.vilspa.esa.es’ ’. The paper summarises the design and 
in-orbit performance of the satellite and its four scientific instruments, 
the operational scenario and some of the scientific highlights. It then 
focusses on ISO’s legacy to the astronomical community, giving an 
overview of the ISO data archive, its contents, access methods, avail- 
able software tools and overall documentation. 

Key words: Astronomical data bases: miscellaneous, telescopes, 

instrumentation: miscellaneous, space vehicles: instruments, 

infrared: general. 

1 Introduction 

ISO was the world’s first true orbiting infrared observatory. Equipped 
with four sophisticated and versatile scientific instruments, it provided as- 
tronomers with a facility of unprecedented sensitivity and capabilities for 
an exploration of the universe at infrared wavelengths from 2.5 — 240 /rm. 
The satellite was a great technical and scientific success with most of its 
sub-systems operating far better than their specifications and with its sci- 
entific results impacting practically all fields of astronomy. At a wavelength 
of 12 fxm, ISO was one thousand times more sensitive and had one hundred 
times better angular resolution than its predecessor, the all-sky-surveying 
IRAS. During its routine operational phase, which lasted almost a year 
longer than specified, ISO successfully made over 26000 individual scien- 
tific observations ranging from objects in our own solar system right out 
to the most distant extragalactic sources. After exhaustion of the liquid 

© EDP Sciences, Springer-Verlag 1999 
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helium coolant, all observations were re-processed with the “end-of-mission” 
calibration and pipeline to populate the first homogeneous ISO archive, now 
available to the world-wide astronomical community. 

ISO results from a proposal made to ESA in 1979. After a number 
of studies (assessment, 1979; pre-phase A, 1980; phase A, 1982), ISO was 
selected in 1983 as the next new start in the ESA Scientific Programme. 
Following a “Call for Experiment and Mission Scientist Proposals”, the 
scientific instruments were selected in mid 1985. The satellite design and 
main development phases started in 1986 and 1988, respectively with Alcatel 
(Cannes, F, formerly Aerospatiale) as prime contractor. The industrial team 
numbered 32 companies, including Daimler-Benz Aerospace (D, formerly 
MBB) responsible for the payload module, Linde (D) for the helium sub- 
system, Alcatel (F) for the telescope, CASA (E) for the service module 
structure, thermal and harness, and Fokker (NL) for the attitude and orbit 
control. ISO was given a perfect launch in November 1995 by an Ariane 
IV vehicle. Routine scientific operations commenced in February 1996 and 
continued until April 1998. The ISO Data Archive opened to the community 
in December 1998 and all data had entered the public domain by August 
1999. ISO is now in a post operations phase designed to maximise the 
scientific exploitation of its vast data set and to leave behind a homogeneous 
archive as a legacy to future generations of astronomers. 

This paper tries to give the necessary background information to help 
users, especially newcomers, get the most out of the ISO archive. Section 2 
addresses the satellite design and in-orbit performance, while Section 3 cov- 
ers the scientific instruments. The orbit and key elements of the operations 
are then described before a few selected scientific highlights are presented 
in Section 6. Section 7 gives a summary of various aspects of ISO data and 
the archive. 

2 ISO satellite 

2.1 Satellite design 

The ISO satellite consisted of a payload module, the upper cylindrical part 
in Figures 1 and 2 and a service module, which provided the basic spacecraft 
functions. The payload module carried the conical sun shade and the two 
star trackers. Overall, ISO was 5.3 m high, 2.3 m wide with a mass of 
approximately 2500 kg at launch. 

The service module included the load path to the launcher, the array of 
solar cells mounted on the sun shield, and subsystems for thermal control, 
data handling, power conditioning, telemetry and telecommand, and atti- 
tude and orbit control. The last item provided the three-axis stabilisation 
to an accuracy of better than a few arc seconds, and also the raster pointing 
facilities needed for the mission. It consisted of sun and earth sensors, star 
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Fig. 1. The flight model ISO satellite. 



trackers, a quadrant star sensor on the telescope axis, gyros and reaction 
wheels, and used a hydrazine reaction-control system. The downlink bit 
rate was 32 kbit/s, of which about 24 kbit/s were dedicated to the scientific 
instruments. There was no on-board storage of telemetry; thus, while op- 
erating scientifically, ISO had to be in continuous real-time contact with a 
ground station. 

The payload module was essentially a large cryostat. Cooling of the 
telescope and the instruments to close to absolute zero practically eliminated 
their thermal emission -an undesirable “foreground” radiation source- and 
enabled observations to be made at high sensitivities. Inside the vacuum 
vessel was a toroidal tank, which at launch was filled with over 2300 litres 
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Fig. 2. Cut-away schematic of the ISO satellite. 

of superfluid helium. Some of the infrared detectors were directly coupled 
to the helium tank and were held at a temperature of around 2 K. All other 
units were cooled by means of the cold boil-off gas from the liquid helium. 
This was first routed through the optical support structure, where it cooled 
the telescope and the scientific instruments to temperatures of around 3 K. 
It was then passed along the baffles and radiation shields, before being 
vented to space. Above the main helium tank was a small auxiliary tank 
(of volume about 60 litres); this contained normal liquid helium and met 
ISO’s cooling needs on the launch pad for up to the last 100 hours before 
launch. Mounted on the outside of the vacuum vessel at the entrance of the 
telescope was a sunshade, which prevented direct sunlight from entering the 
cryostat. 

Suspended in the middle of the tank was the telescope, which was a 
Ritchey-Chrétien configuration with an effective aperture of 60 cm. The op- 
tical quality of its mirrors was designed to be adequate for diffraction-limited 
performance at a wavelength of 5 /xm. Stringent control over straylight, 
particularly that from bright infrared sources outside the telescope’s held 
of view, was necessary to ensure that the system’s sensitivity was not de- 
graded. This was accomplished by means of the sunshade, the Cassegrain 
and main baffles, and a light-tight shield around the instruments. Addi- 
tional straylight control was provided by constraining ISO from observing 
too close to the Sun, Earth and Moon. 
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The scientific instruments were mounted on an optical support 
structure (which carried the primary mirror on its opposite side). Each 
one occupied an 80° segment of the cylindrical volume available. The 20' 
total unvignetted field of view of the telescope was distributed radially to 
the four instruments by a pyramid mirror. Each experiment received a 
3' unvignetted field, centred on an axis at an angle of 8.5' to the main 
optical axis, i. e. the instruments viewed separate areas of the sky. 

2.2 Satellite observing modes 

The main operational mode of the spacecraft was a three-axis stabilised 
pointing at a target to carry out one or more observations, followed by a 
slew to another target. However, there was also a “raster-pointing” mode, 
in which a rectangular grid of positions on the sky was observed. For a 
raster pointing, the observer specified the co-ordinates of the central posi- 
tion, the number of scan lines (allowed range was 1 — 32), the number of 
points in a scan line (1 — 32), the step size in arc seconds (0, 2, 3, . . . 180) 
and the orientation of the map (either in the equatorial or the spacecraft 
co-ordinate system). Note that tracking of solar system objects was accom- 
plished by using a 1-dimensional raster (effectively a time-dependent offset 
from background stars) and, therefore, raster pointing was not available to 
observers for designated solar system targets. 

Other options available to the observer included: 

- joining together (“concatenating”) observations within an area of 
diameter 3°; this was used, for example, to make a background 
observation along an adjacent line of sight; 

- specifying that observations had to be carried out at a specific time 
(“fixed time”) or repeated at certain intervals in time (“periodic”). 

2.3 Satellite in-orbit performance 

ISO was given a perfect launch by an Ariane 44P on 17 November 1995. 
Following attainment of the operational orbit and successful checkout, vali- 
dation and calibration of the spacecraft and instruments, routine operations 
started -on schedule- on 4 February 1996 and continued until exhaustion 
of the liquid helium coolant on 8 April 1998. 

The following month was mainly used for final calibrations and a series 
of technological tests, aimed at gathering data beneficial for future missions. 
As the very-shortest wavelength detectors of the SWS were still operational 
even after helium exhaustion, any gaps in the timeline were filled by 2—4 pm 
observations of stars with the SWS to extend the MK stellar classification 
scheme into the infrared (Vandenbussche et al. 1999). The satellite was 
switched off on 16 May 1998. 
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The satellite performed superbly in orbit. Due to excellent engineering 
and a fortunate combination of circumstances at launch, the liquid helium 
supply lasted over 10 months longer than the specified 18 months. The extra 
lifetime not only led to many more observations but also made it possible to 
observe the Taurus/Orion region ~ inaccessible in the nominal mission. By 
a combination of very good in-orbit performance, detailed analysis on the 
ground and a variety of tune-ups, the accuracy of the pointing system was 
improved to the arc second level. The absolute pointing error was reduced 
to around I" , ten times better than specified and the short term jitter was 
about five times better than the specification of 2.7" {2a, half cone, over 
a 30 second period of time). The optical performance of the telescope and 
baffle system was excellent, with straylight being too low to measure. All 
the scientific instruments, including many delicate cryogenic mechanisms, 
performed extremely well and returned large quantities of high quality data, 
although compared to pre-launch predictions, there was a sensitivity loss for 
three of them. 

3 Instrument payload 

3.1 Overview of instruments 

The scientific payload consisted of four instruments: a camera, ISOCAM; 
an imaging photopolarimeter, ISOPHOT; a long wavelength spectrometer, 
LWS; and a short wavelength spectrometer, SWS. Each instrument was 
built by an international consortium of scientific institutes and industry, 
headed by a Principal Investigator, using national funding. Although de- 
veloped separately, the four instruments were designed to form a complete, 
complementary and versatile common-user package. Table 1 summarises 
the main characteristics of the instruments. 

Only one instrument was operational in prime mode at a time. However, 
when the camera was not the main instrument, it was used in parallel mode 
to acquire extra astronomical data (Siebenmorgen et al. 1996). Whenever 
possible, the long- wave length channel of the photometer was used during 
satellite slews. This serendipity mode {e.g. Stickel et al. 1999) led to 
a partial sky survey at wavelengths around 200 /im, a spectral region not 
covered by the IRAS survey. After launch, a parallel/serendipity mode 
was added for the LWS {e.g. Clegg 1999), in which narrow-band data are 
obtained at 10 fixed wavelengths in parallel with the main instrument and 
also during slews. 

With ISO, photometry was possible in broad and narrow spectral bands 
across its entire wavelength range of 2.5 to around 240 /xm. A variety of 
apertures, ranging from 5 to 180", was selectable out to 120 /xm. For spec- 
troscopy, resolving powers ranging from 50 to 30 000 were available in the 
wavelength range from 2.5 to nearly 200 /xm. ISO was capable of direct 
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Table 1. Main characteristics of the ISO instruments. 



Instrument 

(Principal 

Investigator) 


Wavelength Range 
and 

Main Function 


Outline 

Description 


Spectral 

Resolution 


Spatial 

Resolution 


ISOCAM 


2.5— 17//m 


(i) 32 X 32 array 


(i) 11 filters 2<R<20 


Choice of 


(C. Cesarsky, 


Camera and 


for 2.5—5 fim 


circular var. filter R~40 


1.5, 3, 6 or 


CEA-Saclay. F) 


polarimeter 


(ii) 32 X 32 array 
for 4-5-17 nm 


(ii) 10 filters 2<R<14 

circular var. filter R~40 


12" per pixel 


ISOPHOT 


2-5-240/im 


(i) Multi-aperture, 


(i) 14 filters 2<R<15 


(i) Choice of 


(D. Lemke, 


Imaging photo- 


multi-band 




diffraction- 


MPI für 
Astronomie 


polarimeter 


photopolarimeter 
(3-110 #im) 




limited to 
3' apertures 


Heidelberg, U) 




(ii) Far-infrared camera 
30-100 ^m: 3x3 pixels 
100-240 fim: 2x2 pixels 

(iii) Spectrophotometer 
(2.5-12 /xm) 


(ii) 

6 filters KR<3 
5 filters 2<R<3 

(iii) grating, R~90 


(ii) 

43" per pixel 
89" per pixel 

(iii) 24 x 24" 
aperture 


ISO-SWS 


2-38-45. 2^m 


(i) Two gratings 2.38-45.2 /xm 


(i) R~1000-2000 


(i) 14 X 20". 14x27" 


(Th. de Graauw, 


Short wavelength 


(ii) Two Fabry-Pérot 




20x27", and 


Lab. for Space 
Research, 
Groningen, NL) 


spectrometer 


interferometers 

11.4-44.5^m 


(ii) R~3xl0'‘ 


20 x 33" 

(ii) 10 x 39", and 
17 X 40" 


ISO-LWS 


43-196. 7^rm 


(i) Grating 


(i) R~200 


1(65 


(P- Clegg, 


Long wavelength 


(ii) Two Fabry-Pérot 


(ii) R~10^ 


diameter 


Queen Mary and 
Westfield College, 
London, UK) 


spectrometer 


interferometers 




aperture 



imaging in broad and narrow spectral bands across the complete wavelength 
range at spatial resolutions ranging from 1.5" (at the shortest wavelengths) 
to 90" (at the longer wavelengths). In addition, mapping could be carried 
out using sequences of pointings. 

Each of the four instruments had a number of possible operating modes. 
To simplify the definition of an observation and to allow users to specify 
their observation in terms familiar to them, a set of astronomically-useful 
operating modes was defined and presented to users as a set of “Astronomi- 
cal Observation Templates” (AOTs); the complete list of these is contained 
in Section 7.1. Each AOT was designed to carry out a specific type of as- 
tronomical observation. The observations resulting from use of these AOTs 
are the basic building blocks of the ISO data archive. Note, however, that 
within the data files resulting from an observation, lower level structure, 
e.g. measurements, will be seen in most cases. 

3.2 The ISO camera: ISOCAM 

The ISOCAM instrument (Cesarsky 1999; Cesarsky et al. 1996) consisted 
of two optical channels, used one at a time, each with a 32 x 32 element de- 
tector array. These arrays operated, respectively, in the wavelength ranges 
2.5 — 5.5 /im and 4—17 /xm. The short wavelength (SW) array used an 
InSb detector with a CID readout and the long wavelength (LW) detector 
was made of Si:Ga with a direct read-out. A selection wheel carried Fabry 
mirrors which directed the light beam of the ISO telescope towards one or 
other of the detectors; this wheel also carried an internal calibration source 
for flat-fielding purposes. Each channel contained two further selection 





38 



IR Space Astronomy 




CALSCATION SOUCCES 
AND »fTEGAAT1NG SPHERES 



SELECTION 

WHEEL 



SHORI-WAVt 
FILTER WHEEL 
with U Mers 



LONG-WAVE 
FI.TER WHEEL 
wHh 12 Mers 



SHORT-WAVE 
FILTER WHEEL 
wRh 4 lerues 



LONG- WAVE 
UNS WHEEL 
wtih 4 lenses 



ENTRANCE WHEEL 
with 3 poiortztng grids 



INPUT BEAM 



SHORT-WAVE 
DETECTOR 
(32 X 32 delector 
orroy) 



LONG- WAVE 

DETECTOR 

(32 X 32 detector 

array) 



Fig. 3. Schematic of the Camera (ISOCAM). 

wheels: one carried various filters (10— 13 fixed and 1 or 2 Circular Variable 
Filters (CVF), with a resolution of ~45) and the other one carried lenses 
for choosing a pixel field of view (p.f.o.v.) of 1.5, 3, 6, or 12". Polarisers 
were mounted on an entrance wheel -common to both channels- which also 
had a hole and a shutter. Figure 3 shows a schematic representation of 
ISOCAM. 

ISOCAM observations were taken in four main modes. These are 
designated as CAMOl (General Observation), CAM03 (Beam Switching), 
CAM04 (Spectrophotometry) and CAM05 (Polarisation). 

- CAMOl was dedicated to photometric imaging in one of the two 
channels, using one or more p.f.o.v.’s at one or more wavelengths. 
Observations could be made in the band pass filters as well as at 
individual CVF positions. Use of the spacecraft’s raster pointing ca- 
pabilities gave the possibilities not only of mapping areas larger than 
the camera’s field of view, but also of improving the flat-held accuracy. 
Micro-scanning techniques were employed to increase the redundancy 
and, thereby, improve detection limits and photometric accuracy. 

- CAM03 was also dedicated to photometry and used a spatial 
modulation. The background was measured with the same pixel, first 
on the source and next on a nearby empty reference filed. Use of up 
to 4 different reference fields was possible. 
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- CAM04 allowed spectral imaging. The spectrum was observed by 
obtaining a series of spectral points. A complete CVF spectrum took 
at most 115 steps in the short wavelength channel and 85 x 2 steps in 
the long wavelength channel. 

- CAM05 allowed polarisation maps to be obtained by taking 
successive images through the three polarisers. (Operationally, it was 
implemented in a slightly different manner to the above AOTs.) 

In orbit, the instrument behaved extremely well. Its sensitivity was as good 
(LW detector) or better (SW detector) than predicted from ground-based 
tests. In particular, ISOCAM was able to detect faint point and extended 
sources through long observations. At 15 /xm, good detections at the level 
of a few tens of /xJy have been made. Also as expected pre-launch, no signal 
was received from column 24 of the LW array. In common with the other 
instruments, ISOCAM experienced transients and glitches (see Sect. 7.1); 
these have been tackled with more and more sophisticated methods and 
ever-growing success. Work on minimising the effects of transients and 
glitches continues as do efforts relating to removing ghosts from CVF images 
and for detecting faint sources close to bright ones. Overall calibration is 
better than 20% in practice with repeatability better than a few per cent. 

It is worth noting that a few camera settings have been used much more 
extensively than the rest, in particular the LW2 (around 7 /xm) and LW3 
(around 15 /xm) filters, which became the ISOCAM colours, used with the 
6" pixel field of view so as to take advantage of the whole field of view 
offered by the ISO satellite. 

3.3 The ISO imaging photopolarimeter: ISOPHOT 

The ISOPHOT instrument (Lemke and Klaas 1999; Lemke et al. 1996) 
consisted of three subsystems: 

- ISOPHOT-C: two photometric far-infrared cameras (used one at a 
a time) for the wavelength range 30 — 240 /xm. The “ClOO” camera 
contained a 3 x 3 array of Ge:Ga detectors, each with a pixel field 
of view (p.f.o.v.) of 43.5", and 6 filters covering wavelengths up to 
100 /xm. The “C200” camera used a 2 x 2 array of stressed Ge:Ga 
detectors with a p.f.o.v. of 89" and had 5 filters covering wavelengths 
longwards of 100 /xm. 

- ISOPHOT-P: a multi-band, multi-aperture photopolarimeter for the 
wavelength range 3—110 /xm. It contained 13 apertures ranging in size 
from 5 — 180" and 14 different filters. It had three single detectors, 
used one at a time, made of Si:Ga, Si:B and Ge:Ga. 




40 



IR Space Astronomy 



CHANGE WHEEL III 
wtih 4 Fobfy mlTTOfs. 

M mat, 
10 Fabry lenses 



PHOTOMETRJC CAMERA 
(3x3 <3electoi array] 



PHOTOMEH9C CAMERA 
(2x2 deleclof orroy) 



FELD MIRROR 



FIAT MIRROR 



GRATING 

SPECTROPHOTOMETER 
(64-elemenl array] 



PHOTOPOLARIMEIER 
(single detecior) 



CHANGE WHER I 
14 posllortt 
wilh 12 Wets. 

6 minars 



CHANGE WHEEL I 
14 pOSMOftS 
wRh 6 polarizers. 




FLAT MIRROR 
INPUT COLUMATOR 
GRARNG 



SPHERICAL MRROR 



SPECTROPHOTOMETER 
(64-elemenl orroy) 



Fig. 4. Schematic of the Photopolarimeter (ISOPHOT). 



- ISOPHOT-S: a dual grating spectrophotometer which provided 
a resolving power of ~ 90 in two wavelength bands simultaneously 
(2.5 — 5/rm and 6 — 12 ^m). It contained two 64-element Si:Ga detector 
arrays with a square entrance aperture of 24" x 24". 

A focal plane chopper with a selectable beam throw of up to 3' was also 
included in ISOPHOT. Selection between the different modes of the various 
sub-systems was achieved with appropriate settings of three ratchet wheels. 
Two redundant sets of thermal radiation sources (fine calibration sources, 
FCSs) were located symmetrically about the centre of the ISOPHOT field of 
view and were used for calibration and to monitor the time evolution of de- 
tector responsivity. Figure 4 shows a schematic representation of ISOPHOT. 

ISOPHOT had 11 operating modes, grouped into 4 categories. 

• Photometry: Single pointing and Staring Raster Modes 

- PHT03: Standard mode for multi-filter photometry using 

ISOPHOT-P detectors. An arbitrary number (up to 14) of fil- 
ters could be selected plus one aperture per filter. Used in stare, 
raster or chop modes; 

- PHT22: Analogue of PHT-03 for long- wavelength photometry 
using ISOPHOT-C detectors. Up to 11 filters could be selected; 
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no aperture selection was needed as the field of view was defined 
by the detector arrays. Used in stare, raster or chop modes; 

- PHT05: Absolute photometry using the ISOPHOT-P detectors. 
Absolute flux calibration achieved by use of the internal fine 
calibration source. User selected one filter and one aperture; 

- PHT25: Absolute photometry using the ISOPHOT-C detectors, 
i. e. a long wavelength analogue of PHT05. No aperture selection 
was needed as the field of view was defined by the detector arrays; 

- PHT04: Multi-aperture photometry using the ISOPHOT-P 

detectors. Only one filter could be selected and the minimum 
number of apertures was 2. Also used in chop mode. 

Photometry: Scanning/Mapping Modes 

- PHT32: Multi-filter mapping using the ISOPHOT-C detector 
arrays. Designed for high spatial resolution by over-sampling; 

- PHT17/18/19: Sparse mapping with the ISOPHOT-P detectors. 
A sequence was measured of up to 30 positions, which could be 
irregularly distributed on the sky within a field of radius 1.5°. 
The sequence had to start with a PHT17 measurement and end 
with a PHT19 one; intervening positions used PHT18; 

- PHT37/38/39: Sparse mapping with the ISOPHOT-C detectors, 
i.e. a long wavelength analogue of PHT17/18/19. No aper- 
ture selection was needed as the field of view was defined by the 
detector arrays. 

Spectrophotometry 

- PHT40: Spectrophotometry simultaneously at wavelengths 

2.5 — 5/xm and 6 — 12 ^m using the ISOPHOT-S detector ar- 
rays. Staring or chopped observations could be performed. 

Polarimetry 

- PHT50: Polarimetry using the ISOPHOT-P2 detector at 25 /xm. 
The target was observed at 25 /xm with one aperture (79") 
through the three different polarisers; 

- PHT51: Polarimetry using the ISOPHOT-C200 detector array 
at 170 ^m, i.e. a long wavelength analogue of PHT50; 

(Operationally, PHT50/51 were implemented in a different 
manner to the other modes). 
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In orbit, ISOPHOT worked very well; however, establishment of its 
detection limits and detailed calibration proceeded more slowly than was 
first expected. This was due to the complexity of the instrument with its 
many operating modes necessitating a very detailed stepwise approach with 
many pieces having to be completed and interlinked. Some of the detectors 
had reduced sensitivity in flight as compared to pre-launch estimates. 

3.4 The ISO short wavelength spectrometer: Sl/l/S 

The SWS (de Graauw 1999; de Graauw et al. 1996) covered the 
wavelength range from 2.38 — 45.2 pm with a spectral resolving power of 
the order of 1000 — 2500. Using also the Fabry-Pérot (F-P) étalons, the 
resolution could be increased to more than 25 000 for the wavelength range 
from 11.4 — 44.5 pm. 

The SWS instrument consisted of two nearly independent grating spec- 
trometers plus two scanning Fabry-Pérot filters. The short wavelength sec- 
tion (SW) used a 100-lines/mm grating in the first four orders covering 
2.3 — 12.0 pm. The long wavelength (LW) section had a 30-lines/mm grat- 
ing in the first two orders covering 11 — 45 pm. The two F-Ps were at the 
output of the LW section and used the first three orders of the LW grating. 
The SWS had three apertures and a shutter system. This allowed use of one 
of them while keeping the other two closed. For astronomical observations, 
the spacecraft pointing had to be adjusted to have the target imaged onto 
the selected aperture. Each aperture was used for two wavelength ranges, 
one of the SW section and one of the LW section. This was achieved by 
using reststrahlen crystal filters as wavelength-selective beam splitters be- 
hind the apertures. The transmitted beams entered the SW section; the 
reflected beams entered the LW section. The actual spectrometer slits were 
located behind the beam splitting crystals. Interference filters or crystal 
filters took care of further order sorting. Depending on wavelength, the 
aperture sizes for the grating sections ranged from 14" x 20" to 20" x 33". 
Each grating had its own scanner, allowing the use of both grating sections 
(SW and LW) at the same time, although the observed wavelength ranges 
were linked. The output of each of the two grating sections was re-imaged 
onto two small (lx 12) detector arrays, located in-line. The materials used 
for the grating detectors were InSb, Si:Ga, Si:As and Ge:Be, while the F-Ps 
used 1x2 elements of Si:Sb and Ge:Be. Figure 5 gives a schematic of the 
SWS instrument. 

SWS observations were taken in four main modes. Three involved use of 
the gratings only: SWSOl (Full grating scan), SWS02 (Grating line profile 
scan), SWS06 (Grating wavelength range scan); while the fourth used also 
the F-Ps: SWS07 (F-P line scan). These modes did not include use of the 
spacecraft raster mode; maps had to be made by concatenating individual 
pointings. 
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Fig. 5. Schematic of the Short Wavelength Spectrometer (SWS). 

- SWSOl provided a low-resolution full-wavelength grating scan. 
Different scan speeds (1, 2, 3, 4) could be selected by the user corre- 
sponding to resolving powers of the order of 400, 400, 800 and 1600, 
respectively; 

- SWS02 had a scanning scheme optimised to obtain grating scans of 
individual spectral lines. The user could specify up to 64 different 
lines in a single observation; 

- SWS06 was designed to observe arbitrary wavelength intervals at full 
resolution. The user could specify up to 64 different ranges in a single 
observation; 

- SWS07 was used for the F-P observations. The LW grating section was 
used as the order sorter and was kept in tune with the F-P wavelength 
to minimise leakage from the adjacent F-P orders. 

In orbit, the instrument behaved extremely well. The performance was in all 
aspects as expected except for the detector sensitivity where the noise was 
dominated by effects from particle radiation - initial estimates of the loss in 
sensitivity were up to ~ x 5. Further analysis of the instrument behaviour 
is now allowing recovery of some of the loss. The pre-launch goal of a 30% 
absolute flux calibration accuracy was achieved with stability better than 
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~ 5% at the shorter wavelengths and ~ 15% at the longest. The wavelength 
calibration (goal: 1/10 of a resolution element) was 1/8 (long wavelengths) 
and 1/16 (short wavelengths). 

3.5 The ISO long wavelength spectrometer: LWS 

The LWS (Clegg 1999; Clegg et al. 1996) covered the wavelength range 
from 43 — 196.7 pm with a spectral resolving power of ~200. Using also 
the Fabry-Pérot (F-P) étalons, the resolution could be increased to around 
10 000 . 

The LWS instrument consisted essentially of a reflection diffraction grat- 
ing, two F-P étalons and an array of 10 discrete detectors. The grat- 
ing was ruled with 7.9 lines per millimetre at a blaze angle of 30° on a 
rotationally-symmetric Schmidt profile. It was used in second order for the 
wavelength range 43 — 94.6 pm and in first order for the wavelength range 
94.6 — 196.9 pm. The F-P subsystem, which was situated in the collimated 
part of the beam, consisted of a wheel carrying two F-P interferometers. The 
wheel could be set in any of four positions: in one of these, the beam passed 
straight through the subsystem whilst in another, the beam was completely 
obscured. In the remaining two positions, one or other F-P was placed in 
the beam and modulated it spectrally. The two F-Ps covered the wave- 
length ranges 47 — 70 pm and 70 — 196.6 pm respectively. The instrument 
contained ten detectors made of Ge:Be and Ge:Ga (stressed and unstressed) 
material and read-out by integrating amplifiers: five of these detectors cov- 
ered the short-wavelength range ~ 43 — 90 pm in nominally 10 /im-wide 
channels while the others covered the long-wavelength 90 — 197 pm in nomi- 
nally 20 y:im-wide channels. Five internal illuminators were used to monitor 
and calibrate the stability of response of the detectors. The single fixed 
LWS circular held of view was designed to match the diffraction limit of the 
telescope at 118 /rm {i.e. 100") and was a compromise for the wavelength 
range of the instrument. In practice, the beam was somewhat narrower 
than this. Figure 6 gives a schematic of the LWS instrument. 

LWS observations were taken in four main modes. Two involved use of 
the grating only: LWSOl (Grating range scan) and LWS02 (Grating line 
scan); while the other two also used the F-Ps: LWS03 (F-P wavelength 
range) and LWS04 (F-P line spectrum). Observers had to add background 
observations separately. 

- LWSOl took a spectrum over a user-specified range of wavelengths up 
to the full LWS range. The spectrum could be sampled at 1, 1/2, 1/4 
or 1/8 of a resolution element. The spacecraft raster mode could also 
be used; 

- LWS02 took a spectrum around a number (up to 10) of user-specified 
wavelengths. The user specified the number of resolution elements 
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Fig. 6. Schematic of the long wavelength spectrometer (LWS). 



around each line. An alternative use of this mode was “narrow- 
band photometry”, where the grating was stationery and spectro- 
photometry was obtained at 10 fixed wavelengths in the LWS range. 
The spacecraft raster mode could also be used; 

- LWS03 took a high-resolution spectrum over a user-specified range of 
wavelengths between 47.0 /xm and 196.7 /xm. The user specified the 
spectral sampling interval. The spacecraft raster mode could also be 
used; 

- LWS04 took a high-resolution spectrum around a number (up to 10) 
of user-specified wavelengths between 47.0 /xm and 196.7 /xm. The 
user specified the spectral scan width and the sampling interval. The 
spacecraft raster mode could also be used. 

In orbit, the LWS performed very well. The spectral resolution was as 
expected. The grating wavelength accuracy was 0.25 AA (slightly worse 
than foreseen) with a long term stability of better than 0.5 AA. For both F- 
Ps, the wavelength accuracy was better than 0.5 AA. The flux calibration for 
the grating is currently still based on an observation of Uranus -in future 
it is likely to be based on Mars- and is better than 20%. The effects of 
charged particle impacts reduced the overall sensitivity of the instrument. 
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Operationally, the biggest concern was the precautionary suspension of LWS 
use for a time while characteristics of the interchange wheel were further 
studied; upon resumption, no restrictions were needed on scientific use of 
the instrument. 

4 Orbit 

ISO’s operational orbit had a period of just under 24 hours, an apogee 
height of 70600 km and a perigee height of about 1000 km. The lower parts 
of this orbit were inside the Earth’s van Allen belts of trapped electrons and 
protons. Inside these regions, ISO’s scientific detectors were virtually unus- 
able due to effects caused by radiation impacts. Two ground stations were 
needed to provide visibility of the satellite from the ground for the entire 
scientifically-useful part of the orbit — over 16 hours per day. ESA provided 
one ground station, located at Villafranca, Spain. The second ground sta- 
tion — located at Goldstone, California — and associated resources were con- 
tributed by the National Aeronautics and Space Administration (NASA), 
U.S.A.; and the Institute of Space and Astronautical Science (ISAS), Japan. 

For thermal (protecting the spacecraft from sunlight) and power (illumi- 
nating the solar arrays) reasons and also to prevent straylight from reaching 
the instruments, there were constraints on the allowed pointing directions 
for the satellite. ISO always pointed only in a direction between 60 and 120° 
away from the Sun. Additionally, it was neither pointed closer than 77° to 
the Earth limb, nor closer than 24° to the Moon. Jupiter was usually kept 
away from the optical axis by at least 7° unless, of course, Jupiter or one of 
its moons was the target of an observation. The sum of these constraints 
meant that, typically, only some 10 — 15% of the sky was available to ISO 
at any instant. 

The orbit also processed rather slowly. Thus, in the nominal 18-month 
long mission, there would have been an area of sky, centred on the Taurus- 
Orion region, inaccessible to ISO. Happily, the cryogen lasted longer than 
specified and almost all the sky was visible to ISO at some time during the 
mission. 

5 Operations 

5.1 Operations design 

Operations of ISO were conducted from ESA’s Villafranca Satellite Tracking 
Station, located near Madrid in Spain. Two ISO teams were co-located here. 
One was responsible for the operations of the spacecraft, including health 
and safety of the instruments. The other was responsible for all aspects of 
the scientific operations ranging from the issue of the “Calls for Observing 
Proposals”, through the scheduling and use of the scientific instruments. 
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Fig. 7. Overview of data flow and main software modules in the Science 
Operations Centre (SOC). 



to the pipeline data processing. Additional teams, based mainly at the PI 
institutes, supported the off-line operations of the instruments. 

The limited lifetime of ISO, the severe sky coverage constraints, the 
complexity of the scientific instruments, along with the necessity to make 
many short observations all dictated that all operations had to be pre- 
scheduled in order to maximise the time spent acquiring useful astronomical 
data. Thus, ISO was operated in a service observing mode with each day’s 
observations being planned in detail and finalised up to 3 weeks in advance. 
This operational concept drove the design of the ground segment (Kessler 
et al. 1996, 1998). 

Figure 7 shows -from the observer’s point of view- the end-to-end ob- 
serving process, which started with the preparation of a “phase 1” proposal. 
Successful proposers used “Proposal Generation Aids” (either at ESTEC or 
IPAC, or by remote login) to enter full details of all their observations into 
the SOC’s data bases. Checking of their inputs was done both by the “Pro- 
posal Generation Aids” and the “Proposal Handling” modules. When all 
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was correct, the observations were stored in the “Mission Data Base”, a 
critical element of the overall SOC architecture as it contained full details 
of all observations that ISO would make. Calibration observations were also 
stored in the same data base but entered by a different route. The daily 
timeline of observations was set up by the “Mission Planning Phase 1” sys- 
tem with an accuracy of 1 second of time. This software system also used 
a set of routines (“AOT logic”) to convert automatically the user-entered 
parameters (a, S, wavelength, flux, spectral resolution, observation time or 
desired signal to noise, etc.) into detailed commands to be passed to the 
Spacecraft Control Centre for transmission to the spacecraft. 

Individual observations (or concatenated chains) were the basic building 
blocks for the observational schedule, which was built in units of “revolu- 
tions”. A revolution was one rotation of ISO about the Earth; as ISO’s 
orbital period was close to 24 hours, a revolution was roughly equivalent to 
a day. In the schedule -and also in the data archive- every observation is 
uniquely identified by an 8-digit number, called the TDT (for target ded- 
icated time) number. The first three characters identify the revolution on 
which it was executed and the last two are an identifying number given to 
that observation by the observer in the original proposal. 

In realtime, the Spacecraft Control Centre monitored essential house- 
keeping from the instruments for safety while the SOC used a set of modules 
(“RTA/QLA”) to monitor the state of health of the instrument and to make 
an initial assessment of the quality of the data. Off-line, each observation 
was processed into a set of three levels of products for distribution to the 
observer and storage in the archive. These are essentially re-formatted raw 
telemetry, suitable for the expert user, and two levels of data, which have 
been processed to a level more suitable for use by a general astronomer. The 
data products were subjected to a quality control check prior to distribution 
to users on CD-ROMs. 

5.2 Observing time 

Approximately 45% of ISO’s time was reserved for those parties contribut- 
ing to the development and operation of the scientific instruments and the 
overall facility. Preparation of the programme for this guaranteed time 
started in the mid-80’s and the planned observations were published to the 
community in April 1994. The other 55% of ISO’s observing time was dis- 
tributed to the general community via two “Calls for Observing Proposals” , 
one pre-launch (April 1994) and one post- launch (August 1996), each fol- 
lowed by peer review. Over 1500 proposals, requesting almost 4 times more 
observing time than available, were received in response to these Calls. All 
proposals were evaluated scientifically by an “Observing Time Allocation 
Committee” , supported by members of the SOC for technical evaluations. 
The necessary flexibility for follow-up observations during the mission was 




M.F. Kessler: Overview of the ISO Mission 



49 



Table 2. Relative usage of the instruments. 



Instrument 


No. of 
Observations 


Time 


ISOCAM 


26% 


28% 


LWS 


12% 


18% 


ISOPHOT 


49% 


30% 


sws 


13% 


24% 



provided by Discretionary Time proposals, with over 150 proposals being 
received, of which 40% were in the last 4 months of the mission. Addi- 
tionally, in the extended lifetime, about 20 proposals on specific topics were 
solicited; these can be recognised in the archive as the programme names 
all start with “ZZ” . 

Overall, about 10% of ISO’s time was used for solar system studies, 23% 
for the ISM, 29% on stellar and circumstellar topics, 27% for extragalactic 
observations and 11% for cosmology. Table 2 shows the relative usage of 
the four instruments in terms of the number of observations taken with each 
and also the time for which each was used. 



5.3 Operations performance 

During the in-orbit operations, observers were permitted to tune up their 
programmes via remote login to the SOC over the internet. This widely- 
used facility allowed observers to take full advantage of results from previous 
observations and of improving knowledge of how best to use the instruments. 
On average, each programme was updated around 3 times. 

ISO operations ran very smoothly from the start. They were well served 
by a superb spacecraft and by robust instruments which suffered only a few 
anomalies of relatively minor nature. Operationally, the only significant 
problem was a very-brief accidental viewing of the Earth in May 1996, which 
cost about 1-2 days of observations. All elements of the ground segment 
also performed excellently, leading to an overall availability of the system 
during routine phase of 98.3% of the time scheduled for science. Taking 
into account all possible reasons for failure, only 4% of observations were 
lost. The mission planning systems produced schedules with an average effi- 
ciency of 92%. During the routine operations phase, some 50 000 slews were 
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executed in order to carry out over 31 000 observations (including astro- 
nomical calibration observations). In total, over 26450 science observations 
were carried out successfully for nearly 600 observers in over 1000 separate 
research programmes. Over 98% of the highest-priority observations were 
successfully executed. About 400 hours of science observations were carried 
out per month with an average of 41 observations per day but ranging from 
6 to 238. The average observation duration was 24 minutes. 

6 Scientific highlights 

The scientific results from ISO are having significant impacts in almost all 
fields of modern astrophysics - literally from comets to cosmology. This 
wealth of interesting results is demonstrated very convincingly by the other 
lectures at this Summer School and, also, in the proceedings of the confer- 
ence “The Universe as Seen by ISO” (Cox and Kessler 1999). The highlights 
include: 

• opening up a new field of study of water vapour in the cosmos via 
measuring a wealth of water vapour transitions in objects such as 
Mars, Titan, the giant planets, comets including Hale-Bopp, in shocks, 
in the cold interstellar medium, in circumstellar envelopes and in the 
ultra- luminous galaxy Arp 220; 

• the identification of forsterite -magnesium silicate crystals- in the 
surroundings of young stars as well as in comet Hale-Bopp, giving a 
link between interplanetary and interstellar dust; 

• the first detections of a fluorine-bearing molecule (HF) in interstellar 
space as well as of the lowest pure rotational lines of H 2 plus detections 
of HD; 

• detailed investigations of star-forming regions in our own and external 
galaxies, including detections of pre-stellar cores and determinations 
of initial mass functions showing substantial numbers of objects in the 
brown dwarf mass range; 

• discovering the OH absorption feature at 35 /im, e.g. in the evolved 
star IRC-I- 10420 and in the ultra- luminous galaxy Arp 220, which 
had long been predicted to provide the excitation and line inversion 
responsible for powering this galaxy’s megamaser emission; 

• distinguishing between black holes and starbursts as the energy 
sources for ultra-luminous infrared galaxies; 

• making deep cosmological surveys to look back in time at earlier stages 
of the Universe and uncover star formation hidden by dust from the 
view of optical telescopes. 
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7 The ISO legacy 

7.1 ISO data in general 

ISO was operated as an observatory with the majority of its observing time 
being distributed to the general astronomical community. One of the con- 
sequences of this is that the data set is not homogeneous, as would be 
expected from a survey. Additionally, within each observing mode, ob- 
servers had many options available to them. Archive users must exercise 
care and look at the details of each observation when e.g. selecting samples 
for intercomparison. 

Most of the scientific observations were taken in the standard observing 
modes (AOTs, as described above). However, a few scientific observations 
and much of the calibration data were taken in a more flexible manner 
(via the “Calibration Uplink System”, CUS) and may not be amenable to 
standard processing. These data can be recognised in the archive by an 
observing mode ending in 99, e.g. PHT99. In addition to the nearly 30 000 
scientific observations, the archive contains another ~ 70 000 data sets from 
parallel and serendipity modes of the instruments and engineering activities. 

From the start of the mission, the data processing pipelines were sub- 
jected to a “Scientific Validation” to establish confidence in the processing 
and calibration of the products. The goals of this scientific validation in- 
cluded: confirming that the applied processing had had the expected ef- 
fect(s) on the data; establishing that sufficient processing had been applied 
to the data so that the products are useable; demonstrating that the pro- 
cessing is reliable, stable and repeatable; establishing the level of accuracy 
of the calibration; and documenting any known caveats or concerns with 
the processing and/or calibration. Table 3 lists the status of scientific val- 
idation of products from the various observing modes as contained in the 
“interim” archive (see next section for definition of interim archive) . 

All ISO instruments were affected by impacts from high energy radiation, 
“glitches”. De-glitching of the data is a difficult but critical step in data 
reduction. Sub-critical glitches lead to an increase in noise. Glitch rates were 
time-dependent: “space weather” was important, for example a solar flare 
occurred during revolution 722 and effectively “rained” out all observations 
that day. On a daily basis, these rates tended to rise at the ends of the 
revolution when ISO was closer to the trapped radiation belts. 

Also all instruments experienced changes in responsivity, not only long 
timescale detector drifts but also illumination-history-dependent transient 
effects. Significant efforts are still being made to remove these effects more 
and more completely. 

At the long wavelengths, the effects of sky structure cannot be 
ignored. This was not taken into account by all observers when designing 
their observations. Chopped observations are particularly susceptible to 
mis-interpretation; small maps less so. 
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Table 3. Scientific validation status of data products in interim archive. 



AOT 


AOT Title 


Scientifically Validated 
in ‘Interim’ Archive? 


CAMOl 


General Observation 


Yes 


CAM03 


Beam Switching 


Yes 


CAM04 


Spectral Observations 


Yes 


CAM05 


Polarisation 


Yes 


LWSOl 


Grating Wavelength Range Spectrum 


Yes 


LWS02 


Grating Line Spectra 


Yes 


LWS03 


Fabry-Perot Wavelength Range Spectrum 


No, expected with pipeline 8.6 


LWS04 


Fabry-Perot Line Spectra 


No 


PHT03 


General Multi-filter Photometry with PHT-P 


Yes, for staring point sources 
No, for staring extended sources, 
expected with pipeline 9 
Yes, for nodding 
No, for chopped point sources, 
expected with pipeline 8.4 
No, for raster maps, 
expected with pipeline 9 


PHT04 


General Multi-aperture Photometry with PHT-P 


No, expected with pipeline 9 


PHT05 


Absolute Photometry with PHT-P 


yes, for point sources 
No, for extended sources, 
expected with pipeline 9 


PHT17/18/19 


Sparse Map with PHT-P 


Yes, for point sources 
No, for extended sources, 
expected with pipeline 9 


PHT22 


Multi-filter Photometry with PHT-C 


Yes, for staring observations 
Yes, for nodding observations 
No, for chopped point sources, 
expected with pipeline 8.4 
No, for raster maps, 
expected with pipeline 8.4 


PHT25 


Absolute Photometry with PHT-C 


Yes 


PHT32 


Multi-filter Map / Linear Scan with PHT-C 


No, expected with pipeline 10 


PHT37/38/39 


Sparse Map with PHT-C 


Yes 


PHT40 


Spectrophotometry with PHT-S 


Yes 


PHT50 


Single Filter Polarimetry with PHT-P 


— 


PHT51 


Single Filter Polarimetry with PHT-C 


— 


SWSOl 


Low-Resolution Full Grating Scan 


Yes 


SWS02 


Grating Line Profile Scan 


Yes 


SWS06 


Grating Scan 


Yes 


SWS07 


Combined Fabry-Perot Line Scan 






and SW Grating Scan 


Yes 



Overall, reduction of ISO data is not easy and new users are advised to 
seek guidance from ISO experts, particularly those specialising in providing 
community support at the various data centres (see Sect. 7.5). 

7.2 The ISO data archive 

Around one year before the end of ISO operations, it was decided to build 
a new archive, more oriented to the general user and open to the external 
world through modern and powerful technologies {e.g. WWW, html and 
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Fig. 8. Schematic view of the ISO data archive. 

Java). The new archive had to have, inter alia: a fast connection to the 
Internet; powerful but user-friendly means for queries and data retrieval 
requests; provision of so-called “Browse Products” to give a quick but accu- 
rate impression of the data of each observation; and a modular and flexible 
design that could evolve as additional user requirements came along. 

A top-level schematic representation of the archive is shown in figure 8. 
The telemetry from the ISO satellite is stored on hard disk in the archive. 
During summer 1998, all ISO data were re-processed by the “end-of-mission” 
version of the pipeline data processing software (version 7.0) and calibration 
files. The resulting files were stored on CD-ROMs in a jukebox. This 
constitutes the first complete homogeneously-processed archive of ISO data 
and is referred to as the “interim” archive (see Sect. 7.5 for the “legacy” 
archive). Users access the archive by means of an interface written in Java. 
As described in the next section, users select the observations they want. 
The database engine then retrieves these observations from the jukebox and 
places them on an ftp server for retrieval by the user. Clearly, knowledge 
of processing and calibration will continue to improve and will be captured 
in new versions of the pipeline processing. If the user wants the latest- 
available processing, the database engine -instead of getting products from 
the jukebox- gets the pipeline to re-process the requested observations and 
in the usual manner puts the results on the ftp server. 
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The automatic data-analysis pipeline (also known as the off-line 
processing, or OLP) produce three sets of data products per observation, 
namely: ERD (Edited Raw Data); SPD (Standard Processed Data); and 
AAR (Auto- Analysis Results). The type and sophistication of analysis per- 
formed for each product set is instrument dependent and so, in the archive, 
products are further classified according to the following scheme: 

- Raw Data Products: These are essentially unpacked telemetry in 
which no data reduction has taken place and thus form the starting 
point for data analysis performed by OLP or the user’s own system; 

- Basic Science Data Products: These data have been processed further 
to an intermediate level (with the use of calibration files where nec- 
essary), often containing physical units. They are therefore ready for 
assembly into structures of astronomical significance such as images 
or spectra by OLP or independently by observers themselves before 
scientific conclusions can be drawn; 

- Fully Auto-processed Science Data Products: These data include a 
set of coherent, instrument-independent measurements of images or 
spectra designed to get as close as possible by automatic means to 
what could be produced by an astronomer using an interactive analysis 
system. Products follow FITS standard conventions to ease further 
analysis by standard high-level tools such as IDL. They allow the user 
to carry out initial survey programmes or to make an assessment of the 
relevance of a given observation to their scientific work, although the 
limitations must be emphasised of such an automatic procedure which 
takes no account of the individual circumstances of an observation and 
involves no scientific judgement. Significantly better results are likely 
to be possible using the interactive analysis systems. 

One of the major new features of the ISO Data Archive is the provision 
of “browse products” or quick-look data associated with each observation. 
These products enable users to make informed decisions as to what obser- 
vations they want to download for detailed astronomical analysis. These 
products consist of: 

- icon (GIF file): a 56 x 56-112 pixel visual representation of the data 
content of the observation; 

- postcard (GIF file): a screen-sized enlargement of the icon, containing 
extra information about the observation; 

- survey product (FITS file): a fully processed product, which can be 
downloaded quickly by the user and manipulated using standard as- 
tronomical tools. 
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7.3 Using the ISO data archive 
User registration and login 

Anybody can query the archive and see results and associated public quick- 
look data. However, before being able to retrieve observations, a user name 
and password must be requested and issued. This login mechanism is nec- 
essary to protect proprietary data, helps in monitoring archive usage and 
avoids possible disturbances from hackers. Additionally, users have to pro- 
vide their e-mail address to receive notifications from the archive. 

Making a query 

Having reached the ISO Data Archive on the WWW (http:// 
www.iso.vilspa.esa.es/ Data Archive section. General user), and having 
started the Java applet, users can define a query as shown in Figure 9. 

The Query Panel consists of various subpanels, which can be opened or 
closed to specify parameters against which to query. 

The Principal Search Criteria panel, opened by default, allows the 
general astronomer to query against general parameters such as: 

- target name as given by the proposer or as known in the various 
astronomical archives {e.g. NED and SIMBAD); 

- co-ordinates; 

- wavelength ranges; 

- type of observing mode (AOT) used by the satellite; 

- instrument. 

Aimed more at expert users, the interface supports querying of non-standard 
modes, including engineering data and additional observations obtained in 
parallel to other instruments or while slewing between targets. Queries can 
also be made against the “quality” flag associated with every observation. 

Other sub-panels are more specific and allow searches against parameters 
like: 



- observer or proposal name, proposal text, observation number; 

- date, time, uplink software version, revolution or phase in orbit; 

- target name list; 

- observation list; 



raster map parameters. 
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Fig. 9. A query panel within the ISO data archive. 



For each of the parameters, help can be obtained by clicking the mouse 
button on the field. 

Once the user has completed the search criteria, the query can be exe- 
cuted. If the query is too complex to complete quickly, the system will trap 
it, stop it, suggest that the user runs it in batch mode, and send an e-mail 
when the results are available. For expert users, there is a possibility to 
make direct SQL queries against any table in the database. 
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ISO Data Archive 2.0 
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Fig. 10. An example of a results panel from the ISO archive, showing the browse 
products. 



Getting the results 

Once a query has been executed, the archive returns the list of observations 
matching the constraints in the Latest Results panel. A subset -sized to fit 
on the screen- of the returned list of observations will be displayed. The 
user can scroll through this list using navigational buttons. 

Figure 10 shows an example of the information displayed for each ob- 
servation. An icon (one of the browse products) on the right-hand side 
of the screen gives an immediate visual impression of the data content 
of the observation. The postcard can be viewed by clicking on the icon. 
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The amount of information and observations displayed can be customised; 
the main parameters are: 

- target name; 

- observing mode; 

- co-ordinates; 

- observation type and number; 

- field-of-view; 

- wavelength range; 

- observer and proposal identification; 

- date, time and observation lengths; 

- quality of the data. 

Two buttons offer access to more detailed information on each observation. 
It is possible to see other observations that are linked to this one and also 
to access associated files (like uplink files and downlink, real-time and in- 
strument reports). 

Requesting the data 

Another innovative and friendly feature of the ISO Data Archive is the wide 
selection of possibilities offered for the retrieval of data. Once a query has 
been performed and the user has logged in, observations can be selected 
for retrieval by moving them to the “shopping basket”. The user can then 
perform other queries, select other observations and add them to the shop- 
ping basket. The Shopping Basket panel looks very similar to the Latest 
Results one and is similarly configurable. For all observations in the shop- 
ping basket, the user can select the level of products to be retrieved, i.e.: 

- raw data; 

- basic science (default); 

- fully processed; 

- quick-look; 

- custom; 



- all. 
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These choices can be made for all observations as well as per observation 
and they can be combined. Moreover, through the custom option, users can 
choose their own set of files to be retrieved. 

Once ready for requesting the data, users can press the “Submit 
Request” button. The User Interface then determines the volume of data, 
checks whether the daily quota for the user has been exceeded and asks the 
user for a compression format. The download time by FTP (default means 
of data retrieval) can be estimated if required. The archive processes the 
data retrieval task and copies the data into an FTP area (public or secure) 
area, where it is stored for a period of seven days. The user is informed by 
e-mail 

Alternatively, the user can request the data on a CD-ROM. In this case, 
an operator at the ISO Data Centre creates the CD-ROM and sends it by 
normal mail to the user. However, due to the excellent Internet connectivity 
of the ISO Data Archive, FTP is the recommended route. 

7.4 Software tools and overall documentation 

A number of software packages are available to the community to reduce 
and analyse ISO data. These include: ISOCAM Interactive Analysis (CIA); 
ISOPHOT Interactive Analysis (PIA); Observers’ SWS Interactive Analysis 
(OSIA); LWS Interactive Analysis (LIA); and ISO Spectroscopic Analysis 
Package (ISAP). They are obtainable through the ISO Data Archive WWW 
page. 

A wide range of documentation is also available on the same web site. 
A large number of documents and technical notes have been structured 
and grouped together into an “Explanatory Library”. This includes, for 
example, the detailed calibration status of each instrument. 

The products in the ISO Data Archive, including processing steps and 
final accuracies, are currently described in five “Data Users Manuals”, one 
for each of the instruments and one for the satellite. Instrument descriptions 
and operating/observing modes are addressed in five “Observer’s Manuals” 
plus some addenda. By late 2000, these documents will be replaced by issue 
1 of a six- volume “ISO Handbook”, which will be the definitive stand-alone 
reference document for the entire ISO mission and its products. The six 
volumes will address: 

I: The ISO Mission. 

II: The ISO satellite and cross-calibration. 

HI: ISOCAM. 

IV: LWS. 

V: ISOPHOT. 

VI: SWS. 
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The first volume is planned to include an overview of the observatory 
mission, its scientific programme and some important historic events. The 
instrument volumes will contain a complete instrument overview, the ob- 
serving modes, in-orbit performance, pipeline processing of data, 
calibration and accuracy, caveats and a guide to the data products. 

7.5 Plans until end 2001 

Even while ISO was still operational, activities to support the world-wide 
astronomical community in exploiting ISO data started both in ESA and 
also in centres loosely grouped around the institutes which contributed to 
the instruments and operations. The aim of this collaborative effort, co- 
ordinated by the ISO Data Centre, is to maximise the scientific return of 
the mission by facilitating effective and widespread exploitation of the data 
and by preparing the best possible final archive to leave as ISO’s legacy. 
This effort includes deepening the understanding of the performance of the 
instruments and the satellite, improving the data processing and supporting 
the general community in use of ISO data products. 

The centres involved in this effort are: 

• ISO Data Centre, ESA, Villafranca, Spain. 

• Five Specialist National Data Centres: 

French ISO Centres, SAp/Saclay and lAS/Orsay; 

ISOPHOT Data Centre, MPIA, Germany; 

Dutch ISO Data Analysis Centre, Groningen; 

ISO Spectrometer Data Centre, MPE, Germany; 

UK ISO Data Centre, RAL, Chilton. 

• ISO Support Center, IPAC, U.S.A. 

The ESA ISO Data Centre is responsible for the archive, the general 
off-line processing (“pipeline”) software, two of the interactive analysis 
systems, instrumental cross-calibration and supporting the European user 
community. The National Data Centres are responsible for detailed ins- 
trument-specific calibration, software and expertise, including provision of 
software modules for the pipeline, and for supporting their local and national 
user communities. IPAC is responsible for supporting the US community 
and provision of some software. 

During 1999 and 2000, it is planned to have one main upgrade per year 
to the processing software and calibration files of each instrument. So that 
users can take advantage of the improved processing, a capability to re- 
quest the archive to re-process data “on-the-fly” was introduced. A bulk 
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re-processing of all the data with the best algorithms and calibration files 
then available is foreseen for mid-2001 to populate a “legacy” archive, which 
will be available to the community before the end of 2001. In parallel, is- 
sue 2 of the ISO Handbook will be released. The facilities offered by the 
archive will also continue to be increased; an example of a planned upgrade 
is to provide detailed links from observations in the archive to the refereed 
literature in which they were published. 

8 Conclusions 

ISO was a great technical, operational and scientific success. The satellite 
and its instruments performed extremely well in space with many spacecraft 
systems {e.g. lifetime of helium coolant and accuracy of pointing perfor- 
mance) exceeding their design requirements by far. All of the instruments 
returned vast quantities of high quality data which still have not yielded up 
all their secrets. Over 600 astronomers were Pis of more than 1000 individ- 
ual research programmes with nearly 30000 scientific observations. ISO’s 
legacy to the community is being captured in the ISO Data Archive, which 
is already state of the art but which will have further capabilities and im- 
proved products added to it in the coming years. The rich harvest of results 
from ISO is still being collected. 



During the history of ISO, countless engineers and scientists have contributed to its 
development, launch and operation and scientific use. They are too numerous to name 
individually but without their expertise, enthusiasm, dedication, professionalism and 
sheer hard work, the success of ISO, the results discussed at this Summer School and the 
data contained in the archive would not have been possible. This paper has been written 
on their behalf. 

ISO is an ESA project with instruments funded by ESA Member States (especially 
the PI countries: France, Germany, The Netherlands and the United Kingdom) and with 
the participation of ISAS and NASA. 
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Abstract 

The ISOCAM infrared camera is one of the four instruments on board 
the ISO (Infrared Space Observatory) spacecraft which was launched 
successfully on 1995 November 17 and ended its life in May, 1998. 

It operated in the 2.5 — 18 /rm range, and was developed by the 
ISOCAM consortium lead by the French Service d’Astrophysique of 
CEA Saclay. This paper reviews different algorithms which can be 
used for the calibration and analysis of ISOCAM data. 

1 Introduction 

ISOCAM was designed to provide images of the sky and polarization mea- 
surements in the 2.5—18 /im band. It features two detectors, one for short 
wavelengths (SW: 2.5— 5.5 /xm band), the other for long wavelengths (LW: 
4—18 /xm band). The camera has two channels which cannot be used si- 
multaneously: a selection wheel holding Fabry mirrors can direct the light 
beam from the ISO telescope toward either one of the detectors. The selec- 
tion wheel also holds two internal calibration sources which can illuminate 
the detectors quasi-uniformly for flatfield purposes. In order to choose the 
observing configuration, there are two wheels for each channel. The first 
wheel holds four lenses allowing the choice of the spatial sampling: 1.5, 3, 
6, and 12" per pixel. At ISOCAM wavelengths, the spatial resolution is 
diffraction limited but the sampling may not obey the Nyquist criterion. 
The second wheel holds a dozen discrete band pass filters with spectral res- 
olution ranging from 2 to 15, and continuously variable filters (CVF) with 
spectral resolution of 45. The sixth wheel, the entrance wheel, has four 
positions: one hole and three polarizers. It is possible to observe data with 
different exposure times (0.28, 2.1, 5.04, 6.02, 10.08, 20.16 and 60.2 s) due 
to the telemetry flow and on-board electronics. The electronic gain can be 
adjusted to 1, 2 or 4. The operating temperature of the camera is as low 
as 2.4 K, provided by liquid helium cooling. All details about ISOCAM, 
including in flight performances, are available in [7]. 

© EDP Sciences, Springer-Verlag 2000 
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For one observation, the ISOCAM instrument delivers a set of 32 x 32 
frame pairs (start of integration, called Reset, and end of integration, EOI). 
For the long wavelength detector (LW), the signal corresponds to a simple 
difference between EOI and Reset. For the short wavelength detector (SW), 
it is more complex, and several operations such as “cross talk correction” 
must be done. We assume that these corrections have been applied to the 
data being considered here. We have a set of data noted D{x,y,t,c): one 
measurement per pixel position {x,y), repeated t times, with c configura- 
tions (there is a new configuration each time the pointing position, the filter, 
the integration time, etc., are changed). 

In the ideal case, calibration will consist of 

• normalizing the data to ADU (analog-to-digital units), g“^ s“^ by 



Di{x,y,t,c) 



Do{x,y,t,c) 
gain * tint * Naccu 



where gain is the electronic gain, tint is the integration time, Naccu 
is the number of frames already added by the on-board processing 
{Naccu is greater than one only in the accumulation mode, normally 
confined to the 0.28 second readouts {Naccu = 4), or in the CAM 
parallel mode {Naccu = 12)). 

• Subtract the DARK current 



D 2 {x, y, t, c) = Di{x, y, t, c) - dark{x, y). 



The corresponding dark is extracted from the calibration library. 
• Divide by the optical flat (oflat) and the detector flat (dflat) 



D3{x,y,t,c) 



P 2 {x,y,t,c) 

oflat{x,y)dflat{x,y) 



The corresponding optical and detector flats are extracted from the 
calibration library. 

• Average the values corresponding to the same sky position and the 
same configuration 



Image{x, y, c) = mean{D^{x, y, l..t, c)) 

RMS{x, y, c) = sigma{D^{x, y, l..t, c)) 

• in the case of raster observations, reconstruct the final raster map, 
Raster{x,y), from all images, Image{x,y,c). 
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In practice, however, we have to take into account several problems: 

• since the dark exhibits variation from one orbit to another, library 
darks obtained on specific calibration orbits are not always applicable 
to the data, especially at low flux. 

• Calibration flat fields are made with an internal source, which creates 
flats different from those of astronomical sources. 

• Cosmic rays hit the detector (see next section). 

• The detector exhibits transient behavior. Each time a detector pixel 
is illuminated successively by a source and the background, as the 
detector is scanning the sky, the transition between the two flux levels 
is not instantaneous. 

• Spacecraft jitter around the nominal pointing position randomly shifts 
the sources on the array during the observation. 

• The held of view is subject to distortion. The resolution of each pixel 
depends on its position in the detector. 

• No signal is read from column 24. 

Studies have been done and continue in order to solve all of these problems, 
and some solutions have been proposed. 

In this paper we review a selection of methods which are commonly 
used prior to scientiflc analysis of the data. We also describe a technique 
for source detection, and the special case of ISOCAM faint source detection 
is discussed. Some more general aspects of astronomical data analysis like 
image Altering and deconvolution are treated in the last section. 

2 ISOCAM data calibration 

2.1 Cosmic ray impact suppression 

At first sight, the images from ISOCAM are crossed by strings of high value 
pixels produced by cosmic ray impacts. Most of these glitches are due to 
mild, fast electron energy deposition along a string of pixels. Typically for 
the LW detector, on average, about 40 to 60 pixels are affected at any time 
for an integration time of 5 seconds. Those pixels usually recover completely 
after one or two readouts. However, some impacts can have long lasting 
effects (up to 5 minutes) on the hit pixel. They are thought to be due to 
heavy particles. There is one impact with this behavior about every second 
somewhere on the LW channel. The rate of cosmic ray impacts increases 
greatly when ISO is close to its perigee, due to the radiation belt. 
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Fig. 1. Original data (top), deglitched data (middle), and both overplotted 
(bottom). 



Cosmic ray impact suppression (also called deglitching) is not a trivial 
task for several reasons. First of all the data are rarely fully stabilized (z.e. 
it takes a long time until the pixel reaches a stabilized value, although the 
incoming flux is constant) and this implies that not all differences between 
two successive frames can be attributed to cosmic ray impacts. Secondly, 
several glitches can hit the same pixel successively and create a long tempo- 
ral structure which could be considered as a source by a simple algorithm. 
As the glitch structures can have different sizes, we need a multiresolution 
tool in order to perform efficient automatic detection. The wavelet trans- 
form is not well adapted to treat this kind of data, due to the linearity of 
the transform. At a glitch position, a structure would be detected at all 
scales. This is due to the high intensity of the glitch. The Multiresolution 
Median Transform (MMT), proposed by Starck et al. [19], is an alternative 
to the wavelet transform. It is a non-linear multiresolution transform, and 
is particularly useful every time we have structures with large dynamics. 
This is the case for the deglitching problem. The idea developed here is 
the following [16]: as we observe the same position in the sky during n ex- 
posures, we cannot have any structure in our signal which has a temporal 
size lower than n * tint. This means that all the significant structures {i.e. 
not due to the noise) at small scales are due to the glitches. The method 
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Fig. 2. Glitch with very long duration. The flux in ADU is plotted against time 
given by the exposure index. 




Fig. 3. Glitch with a negative tail. The flux in ADU is plotted against time given 
by the exposure index. Note the gain variation of about 5 ADUs which appears 
after the second glitch. 
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consists in taking the MMT for each pixel (x, y), to set to zero all structures 
higher than a given level (determined from a noise modeling) in the smaller 
scales, and to reconstruct the deglitched temporal signal. 

Figure 1 shows the results of such a treatment. Figure 1 (top) shows 
the values of a pixel of the camera as time elapses. The x-axis represents 
the frame number (time/integration time), and the y-axis is the signal in 
ADU per second. These data were collected during a raster observation, 
and the satellite remained at the same position for about 20 frames, and 
the integration time was equal to 2.1 s. A source is at the limit of detection 
(frames 130 to 150). All peaks are due to cosmic ray impacts. Figure 1 
(middle) shows the same data after the glitch suppression. The third plot 
(Fig. 1 (bottom)) shows both data and deglitched data overplotted. We see 
that the noise and the signal are not modified during this operation. 

The method is robust and works for non-stabilized data. The only real 
limitation is that we cannot detect glitches which last for a time longer than 
or equal to n * tint. That means that the more frames we have per camera 
configuration, the better the deglitching will be. Some “special” glitches 
introduce a gain variation with a very long time duration. These special 
glitches can be separated in two types: 1) the pixel value decreases slowly 
until a stabilized value is reached (see Fig. 2); 2) the pixel value decreases 
first below the stabilized value, and then increase slowly until the stabilized 
value is reached (see Fig. 3). In both cases, the stabilization can be very 
slow, and the deglitching method presented here does not correct for this 
effect. As a result, pixels where a glitch has been detected are not used 
when averaging values corresponding to the same sky position and same 
configuration. 

2.2 Dark subtraction for the LW channel 

One has to subtract the dark current from the image, for both the SW and 
LW channels. This is done with measurements obtained during dedicated 
calibration orbits. This procedure produces acceptable results for the SW 
channel, but can sometimes fail for the LW channel. The reason for this is 
a combination of long-term drifts in the dark current, and of low signal that 
will make these drifts dominate the noise over photon and readout noise. 
This situation is quite easy to recognize as the LW dark current shows strong 
odd-even stripes, which are not completely gone when the dark correction 
fails. An order of magnitude for these effects can be found in [16]. The 
offset between the calibration dark and the actual dark can only be derived 
from a study of the time behavior of the dark [4] . The dark pattern can be 
suppressed in Fourier space by the following method: 

1. average together all deglitched frames, obtaining Ja. 

2. Eliminate in the low frequencies, obtaining A. 
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3. Estimate the noise in Jh, and set to zero all structures higher than 
three times the noise standard deviation. 

4. Compute the EFT A of /h, and estimate the noise in the real part 
/hr, and imaginary part /hi of /h- 

5. Threshold all Fourier coefficients lower than the noise. We get Thr, 
Thi. 

6. Compute the inverse EFT transform of (Thr, Thi). Its real part gives 
the pattern P. The pattern P can then be subtracted from the input 
image. 

This procedure can be iterated and usually three cycles are sufficient for a 
good dark pattern removal. 

The residual dark can be relatively well suppressed just by deleting some 
frequencies. The result is obviously not as good as if we had had the true 
dark, and there will be always a confidence interval on the flux. Yet the 
advantage of the EFT thresholding method is that it always finds a resid- 
ual dark image evaluation with zero mean (within the numerical errors). 
Therefore, the method just suppresses the visual artifacts, without adding 
any offset to the data. Note, also, that some columns can show atypical 
behavior and the resulting artifacts seem to be satisfactorily removed when 
using the EFT thresholding method. 

Quantitative information on the quality of this correction can be found 
in [16]. 

2.3 Flat field correction 

The flat field is separated in two in the calibration library: the optical 
flat and the detector flat. The goal of this separation is to minimize the 
number of configurations to calibrate. The data must be divided by the 
two flats. However, the library flat fields rarely correspond exactly to the 
observer’s flat field as there exists a small jitter in the position of the wheels 
of the instrument. This jitter is intentional and was introduced to prevent 
the wheels from getting stuck. This means that for two observations with 
the same configuration, the optical flat field can be significantly different. 
Different methods have been tested in order to derive a flat from the data, 
but they apply only in the case of a raster observation. 

In some cases, particularly for observations using a raster mode on faint 
sources embedded in a flat extended emission, e.g. the zodiacal light, a 
flat field can be derived from the data by choosing interactively a region 
where there is no object, and only background. For an automatic flat field 
estimation, we take advantage of the fact that, in such observations, all 
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pixels of the detector spend more time observing the background than the 
object, and we apply the following procedure: 

1. average all frames belonging to the same configuration. This gives one 
image per configuration, i.e. a cube of averaged data Ca{x,y,c). 

2. For each pixel (x,y) of the detector, take the median of Cs,(x,y,*). 
This results in M{x, y). 

3. The flat is equal to M normalized by the mean of its center: flat = 
M/mean{M{10 : 21,10 : 21)). This is the normalization used in 
all automatic and calibration data reduction, it therefore has to be 
employed in order to keep the data compatible with, for example, the 
ADU to mJy conversion factor. 

The automatic flat fleld method generally produces good results. Its only 
limitation is the assumption that all pixels of the detector spend more time 
observing the background than the object. This will certainly not always 
be true for all observations, even in raster mode, and then the procedure 
will fail. 

For raster observation, the flat fleld estimation can be improved by an 
iterative method, using the fact that a sky point is seen by different pixels 
[16]. 

2.4 Stabilization 

The response of each CAM-LW pixel strongly depends on previous obser- 
vations. A long-term transient response after changes in photon flux levels 
is a well-known characteristics of extrinsic IR photoconductors working un- 
der low background conditions (see for instance [9]). The detector used in 
the LW channel of ISOCAM is a gallium doped silicon photoconductor hy- 
bridized by indium bumps. The pixel pitch is 100 /xm and the detectors are 
500 ym thick. A physical model has been developed for the Si:Ga detector 
arrays used in the PHT-S instrument of the ISOPHOT experiment on board 
ISO [9]. 

Ground-based and in-flight measurements have shown that the pixel 
response after a change of the incident flux level can be separated at least 
in the following two phases: 

• an instantaneous step to 60% of the flux step; 

• a long variation for the remaining 40%, to a first order exponential, 
similar to a time constant inversely proportional to the incident flux 
level. 
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The exponential description of the long variation for the remaining 40% 
after the instantaneous step is an approximation. Going from a dark level 
to a strong incident flux level, the first readouts after the instantaneous 
step strongly depart from an exponential curve. This is likely due to charge 
coupling between pixels, which can also be responsible for the oscillations 
that can affect the response curve. These effects are dramatic for strong 
steps of flux, especially at low background. Therefore, all methods based on 
an exponential-like description of the pixel response fail for all steps going 
from the dark level, and for strong steps going from a low background. 
There is also a very long-term transient which affects typically 5—10% the 
flux above the dark level which will not be discussed in this paper. This 
transient can introduce a memory effect with an amplitude of a few % of 
the input flux level, thus affecting the data over several hours. 

The principle of the method developed by Abergel et Coulais [1] consists 
in inverting the Fouks-Schubert transient model of the CAM-LW response 
in order to recover frame by frame the successive stabilized values. The 
step from a constant level J^_i (in ADU/gain/s) to a constant level is 
described by the Fouks-Schubert transient model by the following equation: 



Jn{t) = 



(1 - /3)(Jr - /3J“) 



4“ - 13 + ( J4 - 4“) exp(-(t - tn)M 



( 1 ) 



where n is the observation number (supposed to be composed of N readouts 
where the pixel sees the same sky flux), is the stabilized current for the 
step n, (3 is the initial step just after the change and r is the time constant 
in the exponential which is proportional to l/4°- 4”’ is the the response 
just after the beginning of integration n, and is calculated by: 

= + (2) 

4-f being the response at the end of integration n — 1. 

Figure 4 shows a transient correction applied to PV phase data. More 
details about this transient correction method can be found in [1]. 



2.5 Jitter 

The jitter correction can be done by optimizing the correlation function 
between two successive frames. The jitter standard deviation is around 
0.1 arcsec. This effect is rather weak, it can alter the flux due to incor- 
rect deglitching. Apart from this effect, and for most observations, jitter 
correction is not needed. 



2.6 Field of view distortion correction 

Field distortion in ISOCAM is mostly due to the off-axis mirror that directs 
the light beam toward each detector and to the fact that the ISOCAM held 
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Old IAS correction 




New correction (IAS — Fouks &c Schubert), 1100, 0.54 




Readout Number 



Fig. 4. The mean value of the central square is plotted as a function of the 
readout number. Raw data and transient corrected data are overplotted. These 
data are taken from revolution 16 of the PV phase. The zodiacal backgound was 
continuously observed, and the input sky bright brightness modulated by moving 
the filter wheel. The integration time per frame was 2.1 s. 



of view is an off-axis part of the full FOV of the ISO telescope. The field 
distortion was measured for the LW channel 6" and 3" lenses, using cali- 
bration observations of fields that contained many stars. No measurements 
have been made for the 1.5" lens because they are difficult to perform as the 
amplitude of the satellite jitter is of the order of the quantities to be mea- 
sured. Since the distortion with the 1.5" lens is predicted to be negligible, 
no error would be made if it is not taken into account. 
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1SÛCAM pixala 



Fig. 5. ISOCAM field of view distortion (6 arcsec lens). 



ISOCAM also suffers from lens wheel jitter. In order to avoid any me- 
chanical blocking, the gear wheel has been designed with a small play. 
Therefore, the position at which the lens stops is not fixed. 

It has been shown by the CAM Instrument Dedicated Team that there 
are only two broad families of positions that the lens wheel can take for a 
commanded position, and it is suspected that the wheel stops at either side 
of the play. This can be very easily detected by close inspection of the fiat 
field derived from the data: the leftmost column of the detector receives 
very little light. This is called the “left” position. This jitter results in an 
offset of about 1.2 pixels of the optical axis, thus « 7" with the 6" lens. 
It also modifies the distortion pattern and therefore the latter has been 
measured for both positions. The measurement method is discussed in [2]. 
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Following the work done on the HST WFPC described in [12], each 
measurement is fitted with a general polynomial of degree 3, that is: 

O QQQ 0^/\ 

Xc = ao + aix + a 2 y + a^x +aixy + a^y +aex +a 7 X y + a%xy +agy (3) 

2/c = + bix + 622/ + bsx'^ + b4xy + b^y'^ + b^x^ + brx'^y + bgxy"^ + bgy^ (4) 

where Xc and j/c are the positions on the ISOCAM LW array in pixels, 
corrected for distortion, while x and y are the non-corrected ones. Figure 5 
shows a map of the distortion of the LW channel of ISOCAM with the 6" 
lens, where each vector starts from where the center of a pixel should fall 
were there no distortion and ends at its actual position. The length of the 
vectors are at the scale of the plot. At the lower corners of the array (lines 
0 to 5), the effect is greater than one pixel. 

3 Source detection in ISOCAM images 

3.1 Introduction 

New methods based on wavelet transforms have recently been developed for 
source extraction in an image [3,21]. In the Multi-Scale Vision Model [3], 
an object in a signal is defined as a set of structures detected in the wavelet 
space. The wavelet transform algorithm used for such a decomposition is 
the so-called “à trous” algorithm, which allows to represent a signal D{t) 
by a simple sum of its wavelet coefficients Wj and of a smoothed version of 
the signal Cp 



p 

D{t) = + ( 5 ) 

i=i 

In the case of an image of the sky, the algorithm would produce N images 
of the same size, each one containing only information in a given frequency 
band. In such images, we define a “structure” as a group of connected 
significant (above a given threshold) wavelet coefficients. A complete de- 
scription of how to estimate if a wavelet coefficient is significant, depending 
on the nature of the noise, can be found in [19]. An object is described as a 
hierarchical set of structures. The law which allows us to connect two struc- 
tures into a single object is called “interscale-relation” . Figure 6 shows how 
several structures in different scales are linked together, and form objects. 
We have now to define the interscale-relation: let us consider two structures 
at two successive scales. S'! and Each structure is located on one of 

the individual images of the decomposition and corresponds to a region in 
this image where the signal is significant. Noting pm the pixel position of 
the maximum wavelet coefficient value of S'!, S'! is said to be connected 
to if contains the pixel position pm (z.e. the maximum position 
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of the structure Sj must also be contained in the structure S'J+i). Several 
structures appearing on successive wavelet coefficient images can be con- 
nected in such a way, which we call an object in the interscale connectivity 
graph. 

Once an object is detected in the wavelet space, it can be isolated by 
searching for the simplest function which presents the same signal in the 
wavelet space. The problem of reconstruction (Bijaoui and Rué 1995) con- 
sists then in searching a signal V such that its wavelet coefficients are the 
same than those of the detected structure. By noting T the wavelet trans- 
form operator, and Pb the projection operator in the subspace of the de- 
tected coefficients (i.e. set to zero all coefficients at scales and positions 
where nothing was detected), the solution can be found by minimizing the 
following expression: 



J{V)=\\W-{P^oT)V\\ (6) 

where W represents the detected wavelet coefficients of the signal. A com- 
plete description of algorithms for minimization of such a functional can be 
found in [3]. 

3.2 Source detection from the wavelet transform 

Once all data have been calibrated, the final image R{x, y) and its associated 
rms map R^{x,y) can be created. If several images of the same field are 
available, they can be co-added in order to improve the signal to noise ratio. 
The noise in R{x,y) {i.e. Ra-{x,y)) is non homogeneously distributed over 
the map, firstly because some pixels have been masked (short glitches) and 
secondly because some areas of the field (particularly the border of the 
mosaic) present less redundancy (less readouts per sky position) in the case 
of raster observations. Assuming the simple hypothesis of a Gaussian and 
uniform noise would lead to a large amount of false detections on the border. 
The only solution is to use the Ra-{x, y) map. In order to detect faint sources 
on the final image, the multi-scale vision model [3] described previously can 
be used, but the correct noise model must be considered. For each wavelet 
coefficient wj{x,y) of R, the exact standard deviation Uj{x,y) have to be 
calculated from the root mean square map Ra-{x,y). 

A wavelet coefficient wj{x,y) is obtained by the correlation product 
between the image R and a function gj : 

Wj{x,y) = ^'^R{x,y)gj{x + k,y + 1) (7) 

k I 



then we have: 



= EE Rl(.x^y)9ji^ + k,y + l)- 



(8) 
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Fig. 6. Example of connectivity in the wavelet space: contiguous significant 
wavelet coefficients form a structnre, and following an interscale relation, a set 
of structnres form an object. Two structures Sj, Sj+i at two successive scales be- 
longs to the same object if the position pixel of the maximum wavelet coefficient 
value of Sj is included in Sj+i. 



In the case of the à trous algorithm, the coefficients gj{x,y) are not known 
exactly, but they can easily be computed by taking the wavelet transform 
of a Dirac . The map cr| is calculated by correlating the square of the 
wavelet scale j of by R‘^{x,y). 
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A wavelet coefficient is significant if: 



\wj{x,y) \> N„aj{x,y) (9) 

-Act is a parameter fixing the level of confidence (generally taken equal to 3). 
Once this step is performed, the objects selection and their reconstructions 
can be done as described in [3] . One can therefore produce a map containing 
only the reconstructed objects, i.e. the sources (galaxies, stars) that we were 
looking for. 

3.3 ISOCAM faint source detection: The PRETI method 

3.3.1 Introduction 

The main difficulty in dealing with ISOCAM faint source detection is the 
combination of the cosmic ray impacts (glitches) and the transient behavior 
of the detectors. Indeed, for glitches producing a single fast increase and 
decrease of the signal, a multiresolution median filtering allows a fairly good 
deglitching, while for other glitches, memory effects can produce false de- 
tections. Consequently, the major source of errors here is not the detection 
limit of the instrument, which is quite low, but the large number of glitches 
which create false detection. Three types of glitches can be distinguished: 
(i) a positive strong and short feature (lasting one readout), (ii) a positive 
tail (called fader, lasting a few readouts), and (iii), a negative tail (called 
dipper, lasting several tens of readouts). Finally, the signal measured by 
a single pixel as a function of time is the combination of memory effects, 
cosmic ray impacts and real sources: memory effects begin with the first 
readouts, since the detector faces a flux variation from an offset position 
to the target position (stabilization), then follow long-lasting glitches and 
following real sources. One needs to clearly separate all these constituents 
of the signal in each pixel before building a final raster map and to keep 
the information of the associated noise before applying a source detection 
algorithm. Indeed, since the glitches do not follow a Gaussian statistic, it 
is clear that an analysis of the final raster map would lead to poor results, 
for the standard detection criteria (detection above N times the standard 
deviation of the noise) would no more be valid. 

In the following, we will show that a concept of pattern recognition using 
a multiresolution algorithm leads to an efficient calibration procedure, free 
of the major problems described above. 

3.3.2 Calibration from pattern recognition 

The idea developed here is to use the multiscale vision modeling for a de- 
composition of a signal into its principal components. A simple object re- 
construction from the detected structures in the wavelet space, as proposed 
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in [ 3 ], will produce poor results because of the strong confusion between the 
objects. Furthermore we need to extract positive and negative components, 
which imply that we may detect the wing around a negative structure as a 
positive structure. The wings are a normal effect of the wavelet transform, 
which always create negative features around a positive component, as well 
as positive features around a negative component. Furthermore, the qual- 
ity of the object reconstruction is good only when additional constraints 
are introduced (positivity constraint for positive objects, and negativity 
constraint for negative objects). An object is defined as positive (negative) 
when the wavelet coefficient of the object which has the maximum absolute 
value is positive (negative). 

A solution for limiting the confusion is to use the knowledge we have 
about the objects. The problem of unknown object reconstruction is reduced 
to a pattern recognition problem. We search only for objects which verify 
given conditions. For example, finding glitches of the first type is equiva- 
lent to finding objects which are positive, strong, and with a temporal size 
shorter than that of the sources. The principal component decomposition 
method of the signal D{to..tn) is: 

1 . search for the glitches of the first type. We get a signal 
and we calculate the deglitched data hy Di = D — Ci] 

2 . Search for the negative components due to glitches: the multiscale 
vision model is applied to D\, and negative objects are reconstructed: 
we get C2{to--tn), and we calculate D2 = D\ — C2] 

3 . Search for the positive components due to glitches: this step must be 
done carefully, in order not to erase a source by mistake. Positive 
object with a temporal size different from that of the sources are au- 
tomatically considered as glitches. Positive objects having a negative 
slope cannot be objects either. We get C3(to--tn), and we calculate 
Dz = D2 — C3; 

4 . Search for sources components: the multiscale vision model is applied 
to I?3, and positive objects with a correct temporal size are recon- 
structed: we get C4{to--tn), and we calculate D4 = £>3 — C4; 

5 . Search for the baseline: the signal D4 contains only noise and sources 
at the noise level. The baseline is easily obtained by convolving D4 
by a low frequency pass band filter. We get C'5(to--tn); 

6. The residual noise is obtained by Cq = D4 — C^. 

The set (Ci, C2, C3, C4, C5, Ce), represents the decomposition of the signal 
into its principal components. Note also that the input signal D is equal 
to the sum of all components: D = C'i. A complete deglitching (all 
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types of glitches) is obtained hy = D — C\ — C 2 — Cz, and the signal 
-Db = C4 + Ce is background, dark, and glitch free. represents the set of 
data we need for a deep survey study. The background has been subtracted, 
and glitches with their long duration effects have been suppressed. Applying 
the pattern recognition method to all detector pixels, we obtain a cube 
Dh{x,y,t). All other component signals Ci are also cubes. The baseline 
suppression presents several advantages: first the final raster map is dark- 
corrected without the need of a library dark. This is particularly important 
when the library dark is not good enough, and visual artifacts often remains. 
Second, the effect of the flat-held uncertainty is less severe, because the 
error introduced by the flat-held correction on the background does not 
exist anymore, since the background has been removed. 

Once the calibration is done, the final image can be normally created, 
with flat held correction, and all data co-added. The associated rms map 
can now be used for the detection, which was impossible before due to 
the strong effect of residual glitches. Since the background was removed, a 
simple source detection can be done just by comparing the flux in the raster 
map to the rms map, but it is more efficient to apply again (but spatially) 
the Multiscale Vision Model. 



3.3.3 Example 

Figure 7 (bottom) presents the result after applying such a treatment. The 
original data are shown in Figure 7 (top). Figure 8 shows the decomposition 
of the original signal (see Fig. 7 top) into its principal components: (a), (b), 
and (d) are features (short glitch, glitch negative tail, and baseline) which 
present no direct interest for faint source detection, and (c) and (e) (source 
and noise) must be considered. The noise must also be kept because faint 
sources could be undetectable in a single temporal signal, but detectable 
after co-addition of the data. The simple sum of the five components is ex- 
actly equal to the original data (see Fig. 7 top). The calibrated background 
free data (see Fig. 7 bottom) are then obtained by addition of (c) and (e). 

4 Image restoration using the wavelet transform 

4.1 Image filtering 

The multiscale entropy Altering method [18,20] (MEF) consists of measuring 
the information h relative to wavelet coefficients, and of separating this into 
two parts hs, and h^- The expression hs is called the signal information and 
represents the part of h which is certainly not contaminated by the noise. 
The expression is called the noise information and represents the part of 
h which may be contaminated by the noise. We have h = hs + hn- Following 
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Fig. 7 . Top, original data, and bottom, calibrated data (backgronnd free). The 
flux in ADU (Analogic Digital Unit) is plotted against time given by the number 
of exposures. Note the gain variation of abont 5 ADUs which appears after the 
second glitch. 



this notation, the corrected coefficient w should minimize: 

J{wj) = hs{wj — Wj) + ahn{wj) ( 10 ) 

i. e. there is a minimum of information in the residual {w — w) which can be 
due to the significant signal, and a minimum of information which could be 
due to the noise in the solution Wj. 

In order to verify a number of properties, the following functions have 
been proposed for hs and in the case of Gaussian noise [20] : 



hs{wj) 

hn{Wj) 




f I Wj I 

\ J 



dw 




/ 1 Wj I -u \ 

\ V^o'j ) 



du. 



( 11 ) 



Simulations have shown [17] that the MEF method produces a better result 
than the standard soft or hard thresholding, from both the visual aspect 
and PSNR (peak signal-to-noise ratio). Figures 9 and 10 show the filtering 
respectively on simulated noisy blocks and on a real spectrum. 
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Fig. 8. Decomposition of the signal into its principal components: a) short glitch, 
b) glitch negative tail, c) sonrce, d) baseline, e) noise. The simple sum of the 
fives components is exactly equal to the original data (see Fig. 2). The calibrated 
background free data are obtained by addition of signals c) and e). 



4.2 Image deconvolution 



Observed data Y in the physical sciences are generally corrupted by noise, 
which is often additive and which follows in many cases a Gaussian dis- 
tribution, a Poisson distribution, or a combination of both. Using Bayes’ 
theorem to evaluate the probability of the realization of the original signal 
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Fig. 9. Top, noisy blocks and filtered blocks overplotted. Bottom, filtered blocks. 



X, knowing the data Y, we have 



Prob{X\Y) 



Prob{Y\X).Prob{X) 

Prob{Y) 



(12) 



Prob{Y\X) is the conditional probability of getting the data Y given an 
original signal X, i.e. it represents the distribution of the noise. 

The denominator in equation (12) is independent of X and is considered 
as a constant (stationary noise). Prob{X) is the a priori distribution of the 
solution X. In the absence of any information on the solution X except its 
positivity, a possible course of action is to derive the probability of X from 
its entropy. Several definitions of entropy has been proposed, and the main 
ones are: 



Burg [6]: Hx,{X) = - Epixeis ln(A) 
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Fig. 10. Top, real spectrum and filtered spectrum overplotted. Bottom, filtered 
spectrum. 



. Frieden [10]: H,{X) = - Epixeis ^ ln(X) 

• Gull and Skilling [11]: Hg{X) = X^pixeis^ — M — Aln(A|M). 

Each of these entropies can be used, and they correspond to different prob- 
ability distributions that one can associate with an image [14]. The last 
definition of the entropy above has the advantage of having a zero maxi- 
mum when X equals the model M, usually taken as a fiat image. All of 
these entropy measures are negative, and maximum when the image is fiat. 
They are negative because an offset term is omitted which has no impact 
on the final solution. The fact that we consider that a signal has maxi- 
mum information value when it is fiat is evidently a curious way to measure 
information (at least from a physical point of view). 
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It has been shown [14] that results vary strongly with the background 
level, and that these entropy functions produce poor results for negative 
structures, i.e. structures under the background level (absorption area in 
an image, absorption band in a spectrum, etc.), and compact structures 
in the signal. The Gull and Skilling entropy gives rise to the difficulty of 
estimating a model. Furthermore it has been shown [5] that the solution is 
dependent on this choice. 

Many studies [5,15,22,23] have been carried out in order to improve the 
functional to be minimized. But the question which should be raised is: 
what is a good entropy measure for signal restoration? 

Trying to answer this corresponds to asking what is the information in 
the signal. The entropy should verify the following criteria: 

1 . the information in a flat signal is zero; 

2. The amount of information in a signal is independent of the back- 
ground; 

3. The amount of information is dependent on the noise. A given signal 
Y {Y = X + N) doesn’t furnish the same information if the noise N 
is high or small; 

4. The entropy must work in the same way for a pixel which has a value 
B + e {B being the background), and for a pixel which has a value 
B-c, 

5. The amount of information is dependent on the correlation in the 
signal. If a signal S presents large features above the noise, it contains 
a lot of information. By generating a new set of data from S, by 
randomly taking the pixel values in S, the large features will evidently 
disappear, and this new signal will contain less information. But the 
pixel values will be the same as in S. 

The Burg and Frieden entropy functions do not verify any of these criteria, 
and the Skilling one verifies only the point 2. The Shannon one, which 
is derived from the histogram of the data, and has never been used for 
restoration, verifies the first four points. The main reasons why it has 
not been used are the error introduced by the histogram bin in low flux 
observations, and the difficulties posed by introducing histograms into the 
equations. Using the wavelet transform, it has been shown [18, 20] that 
an entropy function verifying all cited properties can be obtained, which 
produces good results. 
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5 Conclusion 

We have presented in this paper a way to treat some ISOCAM data. A 
number of other algorithms have been developed and tested, but we have 
presented here only those which produce the best results. 

The software related to this paper is implemented in the Cam Interactive 
Analysis Package [8] for the part related to the calibration, and in the MR/1 
software [13] for the part related to the wavelet transform. 
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Abstract 

Infrared spectroscopy is an essential tool for analyzing the chemical 
composition of planets, satellites and comets. Observations with the 
ISO satellite have been performed on all classes of solar-system ob- 
jects. Several important discoveries have been achieved, in particular 
with the Short- Wavelength Spectrometer. In spite of difficult observ- 
ability constraints, spectra of Mars have been recorded with SWS 
and LWS. They have been used for a retrieval of the water vapor 
vertical distribution and a determination of the surface emissivity at 
long wavelengths. After removal of the atmospheric contribution in 
the 7—13 /rm range, the emissivity spectrum of the surface shows 
distinct features due to solid signatures. In the case of the giant plan- 
ets, the D/H ratio has been determined from the analysis of infrared 
HD transitions. An external source of oxygen has been discovered in 
the stratospheres of the giant planets and Titan through the detec- 
tion of H2O emission lines; CO2 has also been detected on Jupiter, 
Saturn and Neptune. The origin of the oxygen flux, of comparable 
intensity on all giant planets and on Titan, might be interplanetary 
(micrometeorites) and/or local (rings, satellites). Several new hydro- 
carbons have been detected in the stratospheres of the giant planets, 
including CeHe in Jupiter and Saturn, C4H2 and CH3C2H in Saturn, 

CH3 in Saturn and Neptune. These results provide new constraints 
on photochemical models of these planets. H2O has been also de- 
tected in Saturn’s troposphere with a very low abundance, as in the 
case of Jupiter; this suggests a possible similarity in the circulation 
mechanisms of both planets. In the case of Jupiter and Saturn, CAM 
images have been obtained in the CVF mode. These data will be used 
to retrieve information about the temperature field and (in the case 
of Jupiter) the spatial properties of the NH3 cloud; the Saturn data 
have been used to separate the ring and disk contributions. Comet 
Hale-Bopp was observed by ISO at several heliocentric distances, pre 
and post perihelion. The main spectroscopic results of these obser- 
vations are the first detection of CO2 at large heliocentric distances 
( 4.6 AU), the discovery of forsterite (Mg2Si04) in the coma dust, 
and the determination of the formation temperature (25 K) from 

© EDP Sciences, Springer-Verlag 2000 




92 



IR Space Astronomy 



the analysis of the ortho and para H 2 O lines at 2.6 pm. A similar 
measurement with ISO in comet Hartley 2 led to a value of 35 K. 
Far-infrared photometry with PHT was used to retrieve brightness 
temperatures at various heliocentric distances and, in complement 
to CAM images in various filters, to constrain the composition and 
size distribution of the grains. ISO also observed Galilean satellites, 
Pluto, asteroids, other comets and cometary nuclei, cometary trails 
and zodiacal light. In particular, the far- infrared light-curve of Pluto, 
obtained with PHT, provided information about the nature of Pluto’s 
surface. Systematic observations of the zodiacal light have been per- 
formed with CAM and PHT to investigate its spatial variations and 
the properties of interplanetary dust. 



1 Introduction 

With temperatures ranging between a few tens and a few hundred K, solar- 
system objects radiate most of their energy in the infrared; the peak emis- 
sion ranges from about 7 pm in the case of Mercury to about 70 pm in the 
case of Neptune. The infrared range is rich in spectral molecular signatures; 
vibration-rotation fundamental bands are mostly found between 3 and about 
30 pm, whereas rotational transitions dominate at longer wavelengths. As a 
result, infrared spectroscopy is a privileged tool for investigating the chem- 
ical composition of planets, satellites and comets. 

In spite of an extended and successful program of planetary exploration, 
recently demonstrated by the Galileo mission at Jupiter (Young 1998), there 
are still unresolved questions concerning the origin, the composition, the sta- 
bility, the dynamics of planetary and satellite atmospheres. Concerning the 
giant planets, a major study is the determination of their abundances ratios, 
which are key diagnostics of their formation and evolution models (Gautier 
and Owen 1989; Encrenaz 1991; 1992). Another unresolved question, left 
open after the Galileo mission, is the main mechanism of their global dy- 
namics (Atreya et al. 1997; 1999). In the case of the terrestrial planets, the 
study of their atmosphere, in connection with the terrestrial climate, is of 
particular interest for comparative planetology, in view of a better under- 
standing of their origin and evolution (Ahrens et al. 1989; Hunten et al. 
1989). 

The infrared spectrum of a solar-system object is characterized by two 
components, the solar reflected component and the thermal emission. In- 
deed, a solar photon received by a solar-system object can be either re- 
flected/scattered back to the outside, or absorbed by the atmosphere/surface 
and converted into thermal heat. The fraction of reflected solar light is given 
by the albedo, and the integrated thermal emission is measured by the effec- 
tive temperature of the object. The reflected component dominates below 
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Fig. 1. ISO-SWS grating spectra of Jupiter (top), Saturn (middle) and Neptune 
(bottom) between 2 and 16 pm. The Uranus spectrum is not detectable by SWS, 
except in the C 2 H 2 band at 13.7 pm, where its flux is about 4 times less than 
the Neptune one. The reflected sunlight component, showing absorptions by CH 4 
and H 2 , prevails below 4 pm; around 3 pm, NH 3 ice and gas absorptions are also 
detected in Jupiter and a PH 3 absorption is seen in Saturn. Below 4 pm, the 
solar reflected continuum of Uranus and Neptune is too weak to be detectable 
with SWS. In the thermal regime above 4 pm, spectral signatures appear either 
in emission or in absorption, depending where the lines are formed (see Fig. 2). 
Emissions of CH 4 (7.7 pm), C 2 H 6 (12 pm) and C 2 H 2 (13.7 pm) come from the 
stratospheres of the giant planets. Absorptions by several molecules including 
CH 3 D, PH 3 , H 2 O and NH 3 are seen in the 5-pm window of Jupiter and Saturn. 
In the 8—11 pm range, CH 3 D is seen in absorption in Jupiter and Saturn, and 
in emission in Neptune; NH 3 and PH 3 absorptions are seen in Jupiter and Saturn 
respectively. The figure is taken from Encrenaz et al. (1997a). 



3 — 5 pm (depending upon the albedo and the heliocentric distance) and 
the thermal emission prevails at longer wavelengths (Fig. 1). 

In the case of planetary and satellite spectra, in the reflected component, 
atmospheric and/or surface constituents show absorption features, which 
give information about the integrated column density of the 
absorber (if gaseous) or its relative concentration (if solid). In contrast, 
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Fig. 2. The mechanism of emission and absorption lines in planetary atmospheres. 
In the case of a line of low opacity (due to a weak line intensity and/or a low molec- 
ular abundance), the r = 1 level is reached at deep atmospheric levels, below the 
temperature minimum (the tropopause). In this region (the troposphere), the 
temperature decreases as the altitude increases; the line thus appears in absorp- 
tion. In the case of a strong opacity line, the r = 1 level is reached above the 
tropopause, in the stratosphere, where the temperature increases with height; the 
line is then seen in emission. This example shows the Jupiter spectrum around 
11 — 12 /rm. The NH 3 band is seen in absorption whereas C 2 H 6 appears in emis- 
sion. Data are taken from Tokunaga et al. (1979). The figure is taken from 
Encrenaz (1992). 



in the thermal regime, the outgoing flux critically depends upon the tem- 
perature gradient. In the tropospheres of the planets, where the temper- 
ature decreases as the altitude increases, lines appear in absorption; in 
contrast, in the stratospheres of the giant planets where the temperature 
increases with height, lines are formed in emission (Fig. 2). Radiative trans- 
fer calculations allow to retrieve the vertical distributions of the observed 
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species, the temperature profile being retrieved by other means, mostly 
radio-occultation (Encrenaz 1991, 1992). However, thermal emissions can 
also be observed at short wavelengths if the temperature of the emitting 
region is high enough; this is the case of near-IR emissions from the deep 
troposphere of Venus (Bézard et al. 1990), and emissions originating 
from Jupiter’s troposphere (Drossart et al. 1989). In addition, fluorescence 
emissions have been detected in the near-infrared range of planetary spectra, 
in particular in the t'a CH 4 band on Jupiter (Drossart et al. 1998). 

A review of the infrared spectra of comets can be found in Crovisier 
(1992). In the case of cometary spectra, molecular resonance fluorescence 
emissions excited by the solar radiation held dominate the 2 — 5 /xm re- 
gion (Crovisier and Encrenaz 1983; Combes et al. 1988; Crovisier 1992). 
At longer wavelengths, the spectrum is due to the emission of cometary 
dust and shows characteristic spectral features of silicates and/or water ice 
(Crovisier 1992; Crovisier et al. 1997; Lellouch et al. 1998). Finally, in 
the case of asteroids and bare satellites, both absorption features in the 
reflected component and emissivity variations in the thermal range provide 
information about the chemical composition of the surface (minerals and/or 
ices). 

ISO observations have been performed on all classes of solar-system ob- 
jects. Venus and Mercury could not be observed because the planets were 
too close to the Sun. Special emphasis was given to the giant planets, 
to Titan and to comet Hale-Bopp, which was observed within a Target-of- 
Opportunity program. Table 1 summarizes the observations of solar-system 
objects performed with the four ISO focal plane instruments. A review of 
ISO solar-system observations can be found in Lellouch (1999). 

2 Mars 

It has been known for decades that, due to the high inclination of its po- 
lar axis over the ecliptic, the martian atmosphere is subject to active and 
complex meteorology. A large fraction (about 30 percent) of the total atmo- 
spheric mass (mostly CO 2 ) is transferred from pole to pole by condensation 
and sublimation along the seasonal cycle (James et al. 1992), leading to 
strong dust storms and stratospheric winds (up to 150 m/s at an altitude of 
50 km). Although a very minor component with a mixing ratio lower than 
10 “^, H 2 O, also subject to condensation and sublimation, plays an impor- 
tant role which is still poorly understood presently (Jakosky and Haber le 
1992). In addition, there is still an open debate about the possible presence 
of carbonates in the surface; their Arm detection would have important im- 
plications about possible trapping of CO 2 in the surface, and would have 
a direct influence on the past history of the martian atmosphere (Fanale 
et al. 1992). 
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Table 1. ISO observations of solar-system objects (pubished results, 1/12/1998). 



TARGET 


INSTRUMENT 

Mode 


WAVELENGTH 

(pm) 


TYPE OF 
OBSERVATION 


REFERENCE 


MARS 


SWS-grating 


2.3-20 


CO2, CO, H2O 


de Grauuw et al., 1997a 




SWS-grating 


6-15 


Search for minerals 


Morris et al., 1999 




SWS+LWS 
(grating + FP) 


5-100 


H2O distribution 
+surface emissivit> 


Encrenaz et al., 1999 




LWS grating 


45-200 


Search for 
variability 


Sidher et al., 1999 


JUPITER 


SWS-grating 


2.3-14 


Minor species 
+NH3 ice 


Encrenaz et al., 1996 
Encrenaz et al., 1997a, b 




SWS-grating 


14-16 


C3H4 (tentative) 


Encrenaz et al., 1997a 




SWS-FP 


37.7 


Detection of HD 


Encrenaz et al., 1996 
Lellouch et al., 1997 




SWS-grating 


2.5-3.2 


NH3 ice 


Brooke et al., 1998 




SWS-grating 


2.5-12 


Tropospheric 

species 


Fouchet et al., 1998 




SWS-grating 


2.5-12 


Stratospheric 

species 


Fouchet et al., 1999 




SWS-grating 


3.3 


CH4 fluorescence 


Drossart et al., 1998 




SWS-grating 


28-45 


Detection of 
stratospheric H2O 


Lellouch et al., 1997 
Feuchtgruber et al., 1999a 




SWS-grating 


15 


Detection of CO2 


Feuchtgruber et al., 1999a 




SWS-grating 


15 


Detection of 


Bézard, 1998, 1999a 




CAM-CVF 


2.3-10 


Cloud properties, 
temperature field 


Encrenaz et al., 1997b 



Infrared spectroscopy can provide information on both the water vapor 
vertical distribution and the mineralogy of the martian surface. Ground- 
based infrared spectroscopy has led to the determination of the D/H ratio, 
through the observation of the HDO lines at 3.8 /rm (Owen et al. 1988). 
Millimeter heterodyne spectroscopic observations of HDO and H 2 O tran- 
sitions have given information about the water vapor vertical distribution 
and its long-term evolution (Encrenaz et al. 1991, 1995a; Clancy et al. 
1992, 1996). Previous millimeter CO observations have been used for a re- 
trieval of the temperature profile and the CO abundance (Clancy et al. 1983; 
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Table 1. Continued. 



SATURN 


SWS-grating 


4.5-16 


Detection of CO 2 , 
C 3 H 4 , C 4 H 2 and 
tropospheric H 2 O 


de Grauuw et al., 1997b 




LWS-grating 


45-200 


PH 3 , NH 3 distrib. 


Davis et al-, 1996 




LWS-FP 


56 


Detection of HD 


Griffin et al., 1996 




SWS-grating 


2.3-16 


2.7 (im window 
C^Hô (tentative) 


Encrenaz et al., 1997a 




SWS-grating 


3.3 


CH 4 fluorescence 


Drossart et al., 1998, 
1999 




SWS-grating 


5 


Tropospheric H 2 O 


Drossart, 1998 




SWS-grating 


28-45 


Detection of 
stratospheric H 2 O 


Feuchtgruber et al., 1997 




SWS-grating 


16.5 


Detection of CH 3 


Bézard et al-, 1998, 1999a 




SWS-grating 


15 


Detection of C^Hf» 


Bézard, 1998, 1999a 




SWS-grating 


7-16 


Atmosph. structure 


Moses et al., 1998 


URANUS 


SWS-grating 


7-14 


C 2 H 2 


Encrenaz et al., 1998 
Atreya et al., 1999 




SWS-grating 


37.7 


Detection of HD 


Feuchtgruber et al., 1999b 




SWS-grating 


17, 28 


H2 S(1), S(0) 


Feuchtgruber et al., 1999b 




PHT-S 


2 . 5-4 


2.7 |Am window 


Encrenaz et al., 1997a 


NEPTUNE 


SWS-grating 


7-16 


Hydrocarbons, 
CH 3 D, HCN 


Bézard et al., 1997 




SWS-grating 


37.7 


Detection of HD 


Feuchtgruber et al., 1999b 




SWS-grating 


17, 28 


H 2 S(1), S(0) 


Feuchtgruber et al., 1999b 




PHT-S 


2.5-4 


2.7 nm window 


Encrenaz et al., 1997a 




SWS-grating 


16.5 


Detection of CH 3 


Bézard et al., 1999a, b 




LWS-grating 


45-180 


Brightn. Temp. 


Burgdorf et al., 1998 



Lellouch et al. 1991). Space infrared spectroscopic observations from 
Mariner 9 have allowed a determination of the thermal profile (through 
the inversion of the CO 2 1^2 band at 15 /xm) and a study of the silicates con- 
tained in the dust (Hanel et al. 1972). Infrared observations performed with 
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Table 1. Continued. 



PLUTO 


PHT-C 


60-200 


Surface properties 


Lellouch et al., 1998a 


TITAN 


SWS-grating 


7-45 


Minor species 


Coustenis et al., 1997 




SWS-grating 


40 


Detection of H 2 O 


Coustenis et al., 1998 




SWS-grating 


5-7 


Atmosph. structure 


Courtin et al., 1998 




SWS-grating 


7-45 


Atmosph. structure 


Coustenis et al., 1999 


ÏO 


SWS-grating 


2.3-4 


SO 2 ice 


Schmitt et al., 1998 


10 PLASMA 
TORUS 


SWS-grating 


10.5 


S+++ 


Lichtenberg and Thomas, 
1998 


EUROPA 


SWS-grating 




Search for H 2 O, 
0H,C02 C2H2r03 


Heras et al., 1998 


GANYMEDE 


SWS+LWS 

grating 


2.3-180 


Brightn. temp. 


Feuchtgruber et al., 1998 




SWS-grating 




Search for H 2 O, 
0H,C02 C2H2,03 


Heras et al., 1998 


CALLISTO 


SWS+LWS 

grating 


2.3-180 


Brighm. temp. 


Feuchtgruber et al., 1998 




SWS-grating 




Search for H 2 O, 
0H,C02 ,C2H2,03 


Heras et al., 1998 



the ISM instrument aboard the PHOBOS spacecraft have provided maps of 
the water vapor abundance over some parts of the martian disk (Rosenqvist 
et al. 1992). More recently, informations about the martian mineralogy 
have been obtained with the TES instrument aboard Mars Global Surveyor 
(Christensen et al. 1998). 

With respect to previous space infrared experiments, ISO has the ad- 
vantage of a higher spectral resolution, an excellent sensitivity and a wider 
spectral range; in contrast, it suffers from the lack of spatial resolution. Still, 
ISO observations of Mars have given an important new contribution to these 
studies. Due to the stringent observability constraints associated with the 
solar elongation angle, the visibility period of Mars was very limited during 
the lifetime of ISO. 
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Table 1. Continued. 



HALL-BOPP 


PHT-S 


2.5-12 


C02 at 4.6 AU 


Crovisier et al., 1996 


(C/1995 01) 






Variability with Rh 


Crovisier et al., 1999a 




SWS-grating 


2.3-45 


H2O, 


Crovisier et a!., 1997a, b 








Mg2Si04 


Crovisier et al., 1999 




LWS-grating 


45-200 


H2O 


Crovisier et al., 1997a,b 




LWS-grating 


45-200 


H2O ice 


Lellouch et al., 1998b 




PHT-P,C 


3.6-175 


Color temperature, 


Gruen et al., 1999 








dust properties 


Peschke et al., 1998, 1999 




PHT-P,C 


3-160 


Dust properties 


Osip et al., 1998, 1999 




CAM 


6-15 


Extraction of 
nucleus 


Lamy et al., 1999 


22P/KOPFF 


CAM 


12 


Cometary trail 


Davies et al., 1997 




SWS-grating 


2.7 


H2O 


Crovisier et al., 1999b 


103P/ 


CAM 


9.6 


Dust distribution 


Crovisier et al-, 1999b 


HARTLEY 2 


CAM-CVF 


2.S-4.5 


H20, C02 


Crovisier et al., 1999b 




CAM 


9-15 


Dust properties 


Colangeli et al., 1998a 




CAM-CVF 


5-17 


Crystalline 

silicates 


Crovisier et al., 1999b 




SWS-grating 


2.6-2.9 


H2O 


Crovisier et al, 1999b 


65P/GUNN 


CAM 


9.6, 15 


Dust distribution 


Colangeli et al., 1998a, b 


46P/ 

WIRTANEN 


CAM 


9.6, 15 


Dust distribution 


Colangeli et al., 1998a, b 


2P/ENCKE 


CAM 


9-15 


Dust distribution 


Colangeli et al., 1998a 


SWl 


PHT-P.C 


16-100 


Temperature 


Peschke et al., 1998 


CHIRON 


PHT-P,C 


16-100 


Temperature 


Peschke et al., 1998 



Observations of Mars with ISO have been performed in July-August 
1997, providing for the first time a complete spectral coverage from 2.3 
to 180 fxm. Grating spectra have been recorded with a resolving power 
of about 1500 below 45 ^m (SWS) and about 200 above (LWS). In addi- 
tion, Fabry-Pérot scans of selected H 2 O lines have been recorded with SWS 
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Table 1. Continued. 



1 CERES 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 




SWS, LWS.PHT 2-200 


Physical properties 


Müller et al., 1998, 1999 




SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 


2 PALLAS 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 




SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 


3 JUNO 


PHT-P.S 


2.5-12 


Temperature, 

composition 


Dotto et al., 1999 




SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 


4 VESTA 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 




SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 


10 HYGIEA 


PHT-P,S 


2.5-12 


Temperature, 

composition 


Dotto et al., 1999 




SWS-grating 


2.5-45 




Dotto et al., 1999 


29 

AMPHITRITE 


SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 


52 EUROPA 


PHT-P,S 


2.5-12 


Temperature, 

composition 


Dotto et al-, 1999 




SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 


65 CYBELE 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 


77 FRIGGA 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 


114 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 


KASSANDRA 


SWS 


2.5-45 


composition 


Dotto et al., 1999 
Dotto et al., 1999 


308 POLYXO 


PHT-P.S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 




SWS 


2.5-45 




Dotto et al., 1999 


511 DAVIDA 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al,, 1999 


532 


SWS 


2.3-45 


Mineralogy 


Vandenbussche et al., 1998 



HERCULINA 



{R = 30 000) between 20 and 45 /xm, and with LWS at longer wavelengths. 
A preliminary analysis of the SWS grating data below 20 /xm can be found 
in de Graauw et al. (1997a). They are characterized by the solar continuum 
at short wavelength (below 4 /xm) and the blackbody emission of the sur- 
face at longer wavelengths. All spectral features can be interpreted as solar 
lines (below 4 /xm) or martian atmospheric lines due to CO, CO 2 and H 2 O 
(Fig. 3). 
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Table 1. Continued. 



624 HEKTOR 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 




SWS 


2.5-45 




Dotto et al-, 1999 


911 


PHT-P.S 


2.5-12 


Temperature, 


Barucci et al., 1997 


AGAMMEMNON 




composition 


Dotto et al., 1999 


1172 ANEAS 


PHT-P.S 


2.5-12 


Temperature, 


Barucci et al., 1997 








composition 


Dotto et al., 1999 


1437 


PHT-P.S 


2.5-12 


Temperature, 


Barucci et al., 1997 


DIOMEDES 






composition 


Dotto et al., 1999 


3840 


PHT-P,S 


2.5-12 


Temperature, 


Barucci et al., 1997 


MIMISTROBELL 




composition 


Dotto et al., 1999 


5145 










PHOLLUS 


PHT 




Detection 


Thomas et al., 1998 


KUIPER BELT 


PHT 




Detection of 


Thomas et al., 1998 , 


OBJECTS 






of 1993 SC 


1999 








Tentative det. 


Thomas et al., 1998 








of 1996 TL66 


1999 


ZODIACAL 


CAM-CVF 


5-16.5 


Temperature, 


Reach et al., 1996 


UGHT 






composition 






PHT-S 


6-12 


Temperature 


Abraham et al., 1997 




PHT-P 


3-70 


Temperature, 


Abraham et al., 1999 








spatial distrib. 





Using the temperature profile and the surface temperatures inferred from 
the European Mars Climate Database (Forget et al. 1998), SWS and LWS 
data, both in the grating and FP modes, have been compared to various 
synthetic spectra corresponding to different values of the surface emissivity 
and the water mixing ratio at the surface. If the water vapor distribution is 
constrained by the saturation law, a good fit of the data is obtained with an 
H 2 O mixing ratio of 4 lO”"* at the surface, a saturation level at 10 km and 
a total column density of 15 pr-/xm. The surface emissivity is found to be 
1.0 at 6 /im, 0.83 at 40 microns and close to 0.95 beyond 50 /rm (Encrenaz 
et al. 1999a; Burgdorf et al. 1999; Fig. 4). 

A study of the surface mineralogy has been performed by Morris et al. 
(1999) in the 7—13 /rm range, after a careful removal of the atmospheric 
contribution. Weak absorption features are detectable at a level of a few 
percent, especially in the region 11.0 — 11.5 /im, and might be the signature 
of carbonates. This exciting but still tentative identification needs to be 
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Fig. 3. Examples of the SWS grating spectrum of Mars in the thermal regime, 
compared with a synthetic model including absorption by CO 2 , CO and H 2 O. (a) 
CO and CO 2 bands in the 4.3 — 5.0 fim range; (2) the V 2 band of CO 2 between 
12 and 16.5 /rm. The figure is taken from de Graauw et al. (1997a). 



confirmed, which could possibly be made by ground-based high-resolution 
observations around 11 /im. 

3 Giant planets 

The four giant planets, mostly composed of hydrogen and helium, have a 
thermal profile characterized by a convective troposphere where the gradi- 
ent is adiabatic, a tropopause where the temperature is minimum, and a 
radiative stratosphere where temperature increases with altitude (Fig. 5). 
The temperature inversion is due to solar flux absorption by CH 4 , hydrocar- 
bons and aerosols. Because the four giants have a roughly similar chemical 
composition, and thus similar sources and sinks of radiative energy, the 
tropopause is at about the same pressure level on four planets. At higher 
altitudes, other mechanisms are involved (gravity waves, high-energy pre- 
cipitating particles) and the thermal profiles are very different for the four 
planets (Fig. 5). 

Most of our knowledge regarding the chemical composition of the gi- 
ant planets comes from infrared spectroscopy. Ground-based observations 
provided most of the detections of minor species, especially in the 5-)Mn 
spectral window, which probes the deep troposphere of Jupiter and Saturn 
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Fig. 4. The SWS grating spectrum of Mars between 39 and 41 pm, compared 
to 3 different synthetic models calculated for different values of the surface emis- 
sivity (1.0, 0.83, 0.75). The H 2 O rotational lines are modelled using a vertical 
distribution inferred from the 6.2 pm H 2 O band. From this study, an emissivity 
of 0.83 is inferred at 40 pm. The figure is taken from Encrenaz et al. (1999a). 



(Encrenaz 1991; 1992; 1995). The Voyager IRIS experiment, combined with 
the radio-occultation experiment, was especially successful in retrieving the 
thermal profile and the He mixing ratio in the four giant planets (Gautier 
and Owen 1989; Conrath et al. 1991). It can be mentioned that, at the time 
of the collision of comet Shoemaker-Levy 9 with Jupiter, millimeter hetero- 
dyne spectroscopy allowed us to detect newly formed stratospheric species 
(CO, CS, OCS, HCN) which were monitored during the subsequent months 
and years (Lellouch 1996). Finally, in the case of Jupiter, the Galileo probe 
experiments have greatly contributed to our knowledge of the jovian tro- 
pospheric composition (Young 1998; Niemann et al. 1998; von Zahn et al. 
1998). 

ISO observations of the giant planets, especially with SWS, have the 
double advantage of a high resolving power (2000 in the grating mode, 
30 000 in the Fabry-Pérot mode) and an unprecedented sensitivity (bet- 
ter than 1 Jy). These observations have led to important new discoveries 
in various areas: (1) determination of the D/H ratio; (2) detection of an 
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Fig. 5. Thermal profiles of the giant planets. The temperature inversion is due 
to solar flux absorption by CH4, hydrocarbons and aerosols. Convection takes 
place in the troposphere below the minimum temperature level (tropopause) , and 
the stratosphere, above this level, is radiative. As the four giant planets have 
similar sources and sinks of radiative energy, the tropopause appears at about the 
same pressure level in all cases. The thermal profile of Jupiter is derived from the 
Galileo probe measurements (Seiff et al. 1998). The three other thermal profiles 
have been inferred from Voyager radio-occultation measurements (Conrath et al. 
1989; Bishop et al. 1995). The figure is taken from Encrenaz et al. (1999b). 



external oxygen source; (3) detection of new stratospheric species; (4) spec- 
tral identification of the jovian NH 3 cloud; (5) detection of H 2 O in Saturn’s 
troposphere. Table 2 summarizes our present knowledge of the atmospheric 
composition of the giant planets. A discussion of the ISO spectra of Jupiter 
and Saturn can be found in Encrenaz et al. (1999b). 

Most of the ISO results concerning the giant planets have been obtained 
with the SWS. In the case of Jupiter (about 40 arcsec diameter), the SWS 
grating aperture (14 x 20 arcsec below 12 /rm, 14 x27 arcsec above, oriented 
N-S), centered on the jovian disk, covers the central part up to latitudes of 
about 60 deg. SWS spectra of Jupiter were also recorded at the North 
and South poles, and at different longitudes along the equator. In the case 
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Table 2. Abundances in the atmospheres of the giant planets (this table is taken 
from Encrenaz 1999). 



SPECIES 


JUPITER 


SATURN 


URANUS 


NEPTUNE 


H2 


1 


1 


1 


1 


HD 


1.8 10-5(1) 


2.3 10-5 (2) 


5.5 10-5 (3) 


6.5 10-5 (3) 


He 


0.157(4) 


0.03 (4) 


0.18(4) 


0.23 (4) 


CH 4 


2.1 10-3(5) 


4.4 10-3 ( 6 ) 


2 10 - 2 ( 2 ) 


4 10-2(2) 


(trop) 










CH 4 


M 


" 


3 10-5-10-4(8) 


7 10-4(9) 


(strat) 








(0.05-1 mb) 


OcH4 


2 10-5 ( 10 ) 


4 10-5(11) 






(trop) 










CH 3 D 


2.5 10-2 (12) 


3.2 10-2 ( 6 ) 


10-5(2) 


2 10-5 ( 2 ) 


(trop) 










CH 3 D 








2.2 10-2 (9) 


(strat) 










C 2 H 2 




3.5 10-6 (o.lmb) 


2-4 10-2 ( 8 ) 


1.1 10-2 (9) 






2.5 10-2 ( jjjb)( 6 ) 


(0.1 -0.3 mb) 


( 0.1 mb) 


12cOcH2 


*( 12 ) 








C 2 H 6 


4.0 10-6(13) 


4.0 10-6 ( 6 ) 




1.3 10-6 (9) 




(0.3-50 mb) 


(<10 mb) 




(0.03-1.5 mb) 


CH 3 C 2 H 


** (14) 


6.0 10-16 ( 6 ) 










(< 10 mb) 






C 4 H 2 




9.0 10-11 ( 6 ) 










(<10 mb) 






C 2 H 4 


7 10-9(15) 








C 3 H 8 


6 10-2 (15) 








C 6 H 6 


2 10-9(15) 


*(16) 






CH 3 




0.2-1 10-2 (17) 




2-9 10-8(18) 






(0.3 mb) 




( 0.2 mb) 



of Saturn (16 arcsec diameter), most of the disk is included, with a small 
contribution from the rings, detectable below 5 /im. Uranus and Neptune 
are fully included in the SWS aperture. 
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Table 2. Continued. 



NH3 


2 10-4(7) 


2-4 10-4 (7) 






(trop) 


(3-4b) 


(3-4b) 






1%H3 


8 10-7(19) 








PH3 


6 10-7(7) 


1.7 10-0 (7) 






(trop) 










GeH 4 


7 10-10 (20) 


2 10-9 (6) 






AsH3 


3 10-10(21) 


2 10-9(6) 






CO 


1.5 10-9(22) 


2 10-9 (6) 






(trop) 










CO 


1.5 10-9 


2 10-9 




10-6(23) 


(strat) 










C02 


4 10-10(24) 


3 10-10(6) 




5 10-10(25) 


(strat) 


(<I0mb) 


(<10mb) 




(<5 mb) 


H 2 O 


1.4 10-5 (8) 


2 10-7 (6) 






(trop) 


(3-5b) 


(>3b) 






H 2 O 


1.5 10-9(1) 


2_20 10-9 (25) 


5-12 10-9 (25) 


1. 5-3.5 10-0(25) 


(strat) 


(<10mb) 


(<0.3mb) 


(<0.03mb) 


(<0.6mb) 


HCN 








3 10-10(23) 


H3+ 


*(26) 








References: 








(1) 


Lellouch et al., 1997 


(14) 


Encrenaz et al., 1997a 




(2) 


Griffin et al., 1996 


(15) 


Kim et al., 1985 




(3) 


Feuchtgruber et al., 1999b 


(16) 


Bézard, 1998 




(4) 


Von Zahn et al., 1998 


(17) 


Bézard et al., 1998 




(5) 


Niemann et al., 1998 


(18) 


Bézard et al., 1999 




(6) 


de Graauw et al., 1997b 


(19) 


Encrenaz et al. 1978 




(7) 


Gautier and Owen, 1989 


(20) 


Kunde et al., 1982 




(8) 


Encrenaz et al., 1998 


(21) 


Noll et al., 1989 




(9) 


Bézard et al., 1997 


(22) 


Larson et al., 1978 




(10) 


Fox et al., 1972 


(23) 


Rosenqvist et al., 1992, Marten et al., 1993 


(11) 


Combes et al., 1977 


(24) 


Feuchtgraber et al., 1999a; Lellouch et al., 1999 


(12) 


Drossart et al., 1985 


(25) 


Feuchtgruber et al., 1997a 




(13) 


Encrenaz et al., 1996 


(26) 


Drossart et al., 1989 





3.1 The D/H ratio 

The current model of giant planets’ formation (Mizuno 1980; Pollack and 
Bodenheimer 1989), called “nucléation model”, assumes the formation of an 
initial icy core of 10-15 terrestrial masses, and the subsequent collapse of 
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the surrounding protosolar nebula. The relative mass fraction of the initial 
icy core is estimated to 3-5 percent in the case of Jupiter, 10-16 percent in 
the case of Saturn, and to more than 60 percent for Uranus and Neptune. 
In the icy core, deuterium is known to be enriched by isotopic exchange 
occurring in ion-molecule reactions (Irvine and Knacke 1989) and molecule- 
molecule reactions (Lécluse et al. 1996) at low temperature, as observed 
in the interstellar medium. As a result, the D/H ratio in giant planets is 
expected to be close to protosolar in the case of Jupiter, and to increase 
with heliocentric distance from Jupiter to Neptune. 

The D/H ratio in giant planets was poorly determined before the ISO 
and Galileo space missions. Two methods have been used: (1) the anal- 
ysis of HD visible lines which was uncertain because of scattering effects 
and possible contamination by weak CH4 lines; (2) the study of CH3D, in 
both the reflected and thermal ranges, which was limited because of the 
uncertainty in the fractionation factor. Bézard et al. (1986) pointed out 
that using the HD rotational transitions with ISO would provide a direct 
measurement of D/H (HD being the main deuterated species) and an homo- 
geneous determination on the four giant planets. In addition, D/H has been 
recently determined in Jupiter by the Galileo mass spectrometer experiment 
(Niemann et al. 1998; Mahaffy et al. 1998). 

HD rotational transitions have been detected on the four giant planets 
(Fig. 6). The R(2) HD line at 37 /xm has been detected with the SWS in 
Jupiter (Fabry-Pérot mode; Encrenaz et al. 1996; Lellouch et al. 1997) and 
Uranus and Neptune (grating mode; Feuchtgruber et al. 1999b). The line 
appears in absorption on Jupiter and in emission on Uranus and Neptune; 
this is because the continuum at 37 /xm, due to H2-H2 and H2-He collisions, 
as an effect of temperature, is formed below the tropopause in the case of 
Jupiter and above in the case of Uranus and Neptune. The detection of the 
Saturn line, just formed at the tropopause level, is more uncertain. D/H on 
Saturn has been determined from the LWS-FP spectrum of the R(l) transi- 
tion at 56 /xm (Griffin et al. 1996). In the case of Uranus and Neptune, the 
temperature profile in the lower stratosphere was independently retrieved 
from the inversion of the S(0) and S(l) quadrupole lines of H2 at 28 and 
17 /xm (Feuchtgruber et al. 1999b). 

D/H measurements are summarized in Table 3 and in Figure 7. The 
ISO value of D/H in Jupiter is in good agreement with the Galileo determi- 
nation (Mahaffy et al. 1998), and also close to the protosolar value inferred 
from ^He/'^He measurements in the solar wind (Geiss and Gloeckler 1998). 
This confirms the fact that the Jovian value of D/H is representative of the 
protosolar value. It is also consistent with the fact that ^He/^He in Jupiter, 
as measured by the Galileo probe, also appears to be protosolar (Mahaffy 
et al. 1998; Encrenaz 1999). The D/H protosolar value appears to be 
slightly above the current estimates of D/H in the local interstellar medium 
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Fig. 6. ISO detection of HD rotational transitions in the 4 giant planets: (a) 
Jupiter: R(2) line observed at 37.7 /rm with SWS-FP; Models correspond (from 
top to bottom) to HD/H 2 = (1, 2, 4, 6, 10) 10“®. (b) Saturn: R(l) line observed 
at 56 /rm with LWS-FP; (c) and (d) Uranus and Neptune: R(2) line observed at 
37.7 /rm with SWS-FP. For bottom to top, models correspond to HD/H 2 = (9, 
11, 13) 10“® (Uranus) and (11, 13, 15) 10“® (Neptune). The figures are taken 
from (a) Lellouch et al. (1997); (b) Griffin et al. (1996); (c) and (d) Feuchtgruber 
et al. (1999b). 

(Linsky 1996); this comparison suggests a moderate deuterium depletion 
over the past 4.6 Gy. Using an evolutionary model with infall of primor- 
dial composition, a primordial D/H value of about 4 10“^ is estimated 
(Prantzos 1996). This value corresponds, in the Standard Big Bang Model, 
to a present baryon density of about 5 10“^^ g/cm^, which seems too small 
to close the Universe (Wagoner 1992). 

As expected on the basis of the nucléation model, the D/H ratio in- 
creases from Jupiter to Neptune, as an effect of deuterium enrichment in 
the protosolar ices. Following Lécluse et al. (1996), and using a model of 
the Uranus and Neptune interiors, it is possible to estimate the D/H ratio 
in the protosolar ices which made their initial cores. The result is close to 
lO”"* for both planets (Feuchtgruber et al. 1999b), i.e. significantly smaller 
that the D/H ratio found in comets (about 3 10“^; Tab. 3 and Fig. 6). 
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Fig. 7. The D/H ratio in the Solar system. Asterisks indicate previous ground- 
based measurements. The figure shows that the Jupiter D/H ratio seems to be 
representative of the protosolar value. The D/H ratio significantly increases from 
Jupiter to Neptune, as expected from the nucléation model of the giant planets. 
The figure, adapted from Bockelée-Morvan et al. (1998), is taken from Encrenaz 
et al. (1999b). 



Table 3. D/H in solar-system objects and in the interstellar medium (this table 
is taken from Encrenaz 1999). 



Object 


D/H 


Reference 


Jupiter (Galileo) 


2.6 +/- 0.7 10-5 


Mahaffy et al., 1998 


Jupiter (ISO) 


1.8 (+1.1, -0.5) 10-5 


Lellouch et al., 1997 


Saturn (ISO) 


2.3 (+1.2, -0.8)10-5 


Griffin et al., 1996 


Uranus (ISO) 


5.5 (+3.5, -1.5)10-5 


Feuchtgruber et al., 1999 


Neptune (ISO) 


6.5 (+2.5, -1.5)10-5 


Feuchtgruber et al., 1999 


Protosolar (from SW) 


2.1 +/-0.5 10-5 


Geiss and Gloeckler, 1998 


Primordial 


2 .1 - 6.6 10-5 


Geiss, 1993 


LISM 


1.6 +/- 0.12 10-5 


Linsky, 1996 



This result bears important conclusions about the formation conditions of 
comets in the early Solar system (Bockelée-Morvan et al. 1998). 

3.2 The stratospheres of the giant planets 

3.2.1 External source of oxygen in the giant planets 

A major discovery of ISO solar-system observations has been the unexpected 
detection of an external oxygen source in the stratospheres of the giant 
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Fig. 8. ISO detection of stratospheric H 2 O at 39.4 /rm in the giant planets. In 
the case of Jupiter, too bright to be observed with the grating mode, the line was 
observed in the Fabry-Pérot mode and the two components of the water doublet 
are visible. In the case of Saturn, Uranus and Neptune, the grating mode was 
used and the doublet is not resolved. The dashed lines correspond to synthetic 
models. The figure is taken from Lellouch et al. (1997) and Feuchtgruber et al. 
(1997). 

planets. About half a dozen of H 2 O rotational emission lines were detected 
between 28 and 45 /xm by SWS in the grating mode on 
Saturn, Uranus and Neptune (Feuchtgruber et al. 1997). In the case 
of Jupiter, grating observations in this spectral range were not possible 
due to saturation effects; four lines were detected in the Fabry-Pérot mode 
(Lellouch et al. 1997; 1999; Feuchtgruber et al. 1999a). These lines (Fig. 8) 
are formed in the upper stratospheres, above the H 2 O condensation level 
(T = 130 — 140 K), above pressure levels ranging from 10 /xbar (Uranus) to 
10 mbar (Jupiter), with a typical mixing ratio of 10“®. The incoming water 
flux is (within a factor 10) about 10^ cm“^ s“^ for Uranus and 10® cm“^ s“^ 
for the 3 other giants. It should be mentioned that stratospheric water was 
also detected on Titan by ISO-SWS with an incoming flux comparable to 
the Saturn one (Coustenis et al. 1998). 

In addition, the V 2 band of CO 2 was also detected by ISO-SWS in the 
grating mode on Saturn (de Grauuw et al. 1997b), Neptune (Feuchtgruber 
et al. 1997; Fig. 9) and more recently Jupiter (Feuchtgruber et al. 1999a; 
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Fig. 9. ISO detection of the V 2 band of CO 2 at 15 /rm on Saturn and Neptune, 
using the SWS in the grating mode. The Saturn fit corresponds to a CO 2 mixing 
ratio of 3 10”^° above the 10 mbar level (de Graauw et al. 1997). For Neptune, 
the CO 2 mixing ratio is 5 10“^° above the condensation level (5 mbar). The CO 2 
column densities are roughly equal on both planets. The figure is taken from 
Feuchtgruber et al. (1997). 

Lellouch et al. 1999), in comparable amounts (mean mixing ratio of about 
3 10“^° above the 10 mbar pressure level). CO 2 was not detected on Uranus, 
which implies a lower CO 2 abundance on this planet (Feuchtgruber et al. 
1997). 

What is the origin of H 2 O and CO 2 ? Because of the low temperature 
of the tropopause (50 — 106 K, Fig. 5) which acts as a cold trap, water has 
to be of external origin on all planets. This is also the case for CO 2 on 
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Neptune, but not on Jupiter and Saturn. Two sources have been proposed 
for the water origin: an interplanetary source (micrometeorites) and a local 
source (rings/satellites). It is presently difficult to discriminate between the 
two origins, although the similarity observed in the incoming water fluxes 
might rather favor the interplanetary source. 

The origin of CO 2 is even more uncertain. It might come from the 
same interplanetary flux as H 2 O; in this case, the CO 2 /H 2 O ratio in the 
grains would be 2 — 6 percent for Neptune, in agreement with cometary 
estimates (Crovisier 1993), but higher in Saturn (Feuchtgruber et al. 1997). 
Another possible origin for stratospheric CO 2 is secondary production from 
the reaction of CO and OH; this mechanism looks plausible for Neptune, in 
which the stratospheric CO abundance is very high (10“®, to be compared to 
10“® in Jupiter and Saturn; Tab. 2). In the case of Jupiter, CO 2 is found to 
be more abundant at high southern latitudes, which suggests that it might 
be remnant of the Shoemaker-Levy 9 collision (Lellouch 1996; Lellouch et al. 
1999; Feuchtgruber et al. 1999a). The high stratospheric abundance of CO 2 
in Saturn remains puzzling. In any case, the discovery of the oxygen external 
source in the giant planets has important implications about the injection 
rate and delivery mechanisms of distant comets or Kuiper-belt objects into 
planet-crossing orbits, and about their possible activity at large heliocentric 
distance. It also implies an important role of oxygen chemistry in the giant 
planet photochemistry which needs to be accounted for in future models. 

3.2.2 Detection of stratospheric hydrocarbons 

In the stratospheres of the giant planets, photochemistry is dominated by 
the photodissociation of CH 4 , by 900 — 1100 A solar photons, at a pressure 
level of about 1 /rbar (Atreya 1986). The main photodissociation products 
are C 2 H 2 and C 2 H 6 , which have been detected prior to ISO by ground- 
based and/or Voyager infrared observations (Encrenaz 1991). In the case 
of Jupiter, other hydrocarbons (C 3 H 4 , CsHg, CH 3 , CeHg) were tentatively 
identified in auroral regions from IRIS- Voyager spectra (Kim et al. 1985). 

ISO-SWS grating observations of the giant planets have led to the detec- 
tion of several new hydrocarbons (Tab. 2): C 3 H 4 (CH 3 C 2 H, methylacety- 
lene) in Saturn (de Graauw et al. 1997b, Fig. 10) and possibly Jupiter 
(Encrenaz et al. 1997a); C 4 H 2 in Saturn (de Graauw et al. 1997b); GH 3 
in Saturn (Bézard et al. 1998) and Neptune (Bézard et al. 1999); GeHg 
in Jupiter and Saturn (Bézard 1998). In addition, the first unambiguous 
infrared detection of G 2 H 2 on Uranus was obtained (Encrenaz et al. 1998). 

ISO observations of hydrocarbons have been used to retrieve the ver- 
tical profiles of these species. These calculations require the knowledge of 
the temperature profile in the lower stratosphere. In the case of Jupiter 
and Saturne, which exhibit a constant GH 4 mixing ratio up to a pressure 
level of about 1 /ibar, the 1 ^ 2 , and bands of methane, respectively at 
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Fig. 10. Detection of C 3 H 4 (methylacetylene - or propyne -, CH 3 C 2 H) and C 4 H 2 
(diacetylene) in Satnrn with ISO-SWS in the grating mode (de Graauw et al. 
1997). The detections correspond to mixing ratios of 6 and 9 10“^^ respec- 

tively above the 10-mbar level. The fignre is taken from Encrenaz et al. (1997a). 



6.5, 3.3 and 7.7 /xm, have been used in complement to the S(0) and S(l) 
quadrupole lines of hydrogen. In the case of Uranus and Neptune, where 
CH 4 condensation takes place below the tropopause, the thermal profile 
has to be assumed independently; this information comes from the Voyager 
radio-occultation experiments (Conrath et al. 1989; Bishop et al. 1995). 
In the case of Uranus, the CH 4 7.7 /xm band was not detectable (Encrenaz 
et al. 1998); in the case of Neptune, it was used to retrieve an estimate of 
the stratospheric mixing ratio of CH 4 (7 lO”"*; Bézard et al. 1997). 

The ISO results provide new constraints on photochemical models of 
the giant planets. In the case of Saturn, the agreement is globally excel- 
lent between the ISO observations of hydrocarbons and the photochemical 
predictions (Moses et al. 1998); the only exception is C 2 H 4 whose upper 
limit is twice lower than the predicted abundance. In the case of CH 3 , 
the ISO results also illustrate the present uncertainties on recombination 
rates. The CH 3 ISO observation shows, in the case of Saturn and Neptune, 
a lower intensity than predicted by the models (Bézard et al. 1998, 1999; 
Fig. 11); the models, however, use an extrapolation at low temperature of 
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Fig. 11. Detection of methyl radical CH 3 in Saturn with ISO-SWS in the grating 
mode. The synthetic spectra are calculated with different values of the eddy 
diffusion coefficient K and the CH 3 - CH 3 recombination rate. The difference 
between the models illustrates the need for a better laboratory determination of 
this recombination rate at low temperature. The figure is taken from Bézard et al. 
(1998). 



the recombination rate 2 CH3 ^ C 2 IÎ 6 which could be underestimated. Low 
temperature laboratory measurements of this recombination rate would be 
necessary for a reliable interpretation of the CH3 data (Bézard et al. 1998, 
1999; Atreya et al. 1999b). 

The determination of the vertical distributions of hydrocarbons also 
provide constraints upon the eddy diffusion coefficient K, which quanti- 
fies the rate of turbulent mixing below the homopause. In particular, the 
observation of the band of C 2 H 2 in Uranus, at 13.7 /rm, has led to 
a new determination of K (between 5 10^ and 10'^ cm^ s“^ at the ho- 
mopause) in Uranus (Encrenaz et al. 1998; Atreya et al. 1999b). This value, 
in agreement with previous Voyager determinations, is at least 100 times 
smaller than in the 3 other giant planets, and confirms the very sluggish 
nature of Uranus’ stratosphere. This peculiarity might be connected to 
the absence of internal heat source (while the 3 other giants radiate about 
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1.7 times their absorbed solar energy; Gautier and Owen 1989) and/or to 
the peculiar geometry of Uranus’ rotation axis, close to the ecliptic plane 
(i = 98 deg.). 

3.2.3 Fluorescence emissions in the stratospheres of Jupiter and Saturn 

A major result of ISO has been the first detection of the emission from the 

band of methane at 3 /im, both on Jupiter and Saturn (Fig. 12). Prelim- 
inary calculations indicated a temperature of about 800 K in Jupiter at a 
pressure level of 0.16 /ibar (Encrenaz et al. 1996). However, a more refined 
analysis has shown that the emission is due to fluorescence, involving higher 
transitions levels, rather than thermal emission (Drossart et al. 1998). The 
fluorescence depends upon the column density of CH 4 which itself depends 
upon the eddy diffusion coefficient K. Preliminary calculations indicate K 
values at the homopause of 10® cm^ s“^ and 4 10^ cm^ s“^ for Jupiter and 
Saturn respectively (Drossart et al. 1999). It can be seen from Figure 12 
that there is a significant continuum in the Saturn spectrum at 3.3 /rm, 
due to the ring contribution. This contribution has been removed in the 
3 — 5 fj,m range by the use of the CAM-CVF images (Fig. 13) which allow 
to separate the ring and disk contribution (Drossart 1998). 

It is interesting to note that, at the north and south poles of Jupiter, 
the 3.3 /im spectrum is dominated by H 3 + emissions, excited by thermal 
emission in the Jovian thermosphere. Ha’*' emissions also dominate the Jo- 
vian spectrum at the poles between 3.5 and 4 /xm (Encrenaz et al. 1997; 
1999b). 

3.3 The tropospheres of the giant planets 

According to thermochemical models assuming a solar composition of their 
atmospheres (Weidenschilling and Lewis 1973; Lewis 1995), three cloud lev- 
els are expected to be present in the tropospheres of Jupiter and Saturn: 
a NH 3 cloud around 0.5 — 0.7 bar, a NH 4 SH cloud around 2 bars, and a 
H 2 O cloud at about 3 — 5 bars. However, none of these clouds had been 
spectroscopically identified before ISO and Galileo. Only the NH 3 cloud 
has been recently detected through its 3-/xm signature by ISO-SWS and the 
Near-Infrared Mapping Spectrometer (NIMS) aboard Galileo. 

Different levels of Jupiter’s and Saturn’s tropospheres are probed by 
their infrared spectrum. Around 3 /xm, the radiation comes from the NH 3 
cloud. From 7 /xm up to 200 /xm, where the continuum absorption is dom- 
inated by the pressure-induced spectrum of hydrogen, the radiation also 
comes from the upper troposphere, between about 0.3 and 1 bar. In the 
5-/xm window, as mentioned above, deeper tropospheric levels are probed, 
at pressures between 2 and 8 bars. In the case of Uranus and Neptune, 
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Fig. 12. The SWS grating spectrum of Jupiter (top) and Saturn (bottom) between 
3.2 and 3.5 /rm, showing the vs band of CH 4 in emission. As calculated by Drossart 
et al. (1998; 1999), the emission is due to fluorescence and provides an estimate 
of the eddy diffusion coefficient on both planets. The slope of the continuum in 
the Saturn spectrum is due to the ring contribution. The figure is taken from 
Encrenaz et al. (1997a). 
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Fig. 13. Images of Saturn recorded between 2 and 5 /rm using ISOCAM in the 
CVF mode. Images where the rings are black correspond to spectral ranges of H 2 O 
ice absorption (2.8 — 3.1 pm), whereas images where the disk is black correspond 
to the region of CH 4 absorption (3.2 — 3.5 pm). At 5 pm where thermal emission 
dominates, the contribution from the rings becomes negligible. 

the continuum radiation cannot be measured below about 20 pm, and only 
stratospheric emissions are detected (Fig. 1). 

3.3.1 The 2.7 pm window 

Bracketed by CH4 and H2 absorption bands, the 2.7 pm region is expected 
to be a window in the spectra of the giant planets. Figure 14 shows the ISO 
spectra of the 4 planets, recorded by SWS in the grating mode for Jupiter 
and Saturn and PHT-S for Uranus and Neptune. The four spectra indeed 
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Fig. 14. The 2.7 fim spectral window on the fonr giant planets. Data have been 
obtained with SWS in the grating mode for Jupiter and Saturn, and with PHT-S 
for Uranus and Neptune. In the case of Jupiter, the broad absorption around 
3 fim is due to NH 3 ice. On Saturn, where the flux is higher than on Jupiter, the 
absorption by PH 3 is detectable. In the case of Uranus and Neptnne, the albedo 
at 2.7 jj,m is remarkably low. The figure is taken from Encrenaz et al. (1997a). 



show a maximum flux around 2.7 /xm, due to the absence of CH 4 and H 2 
absorption at this wavelength, but their interpretation is very different in 
the four cases as discussed below. 

In the case of Jupiter, the ISO spectrum shows a broad absorption fea- 
ture which cannot be attributed to a gaseous constituent (Encrenaz et al. 
1996). Brooke et al. (1998) have obtained an excellent fit of the data with 
a two-cloud multiple scattering model including NH 3 ice particles of about 
10 /xm size in the upper cloud near 0.55 bar; this is the first spectroscopic 
evidence for the putative NH 3 cloud. Other Jupiter ISO data obtained with 
CAM in the CVF mode (Encrenaz et al. 1997b) should bring complemen- 
tary information about the physical properties of this NH 3 cloud from a 
study of the 3-/xm center-to-limb variations. 

The Saturn spectrum is brighter than the Jupiter’s one at 3 /xm; this 
is the only wavelength showing this peculiar behavior. The reason is the 
absence of broad emission associated to solid particles. Saturn’s atmosphere, 
however, is also expected to have a NH 3 cloud, even thicker than in Jupiter 
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(Weidenschilling and Lewis 1973; Atreya and Romani 1985; Atreya 1986); 
the absence of solid signature may be due to a larger particle size or a 
deeper location in Saturn’s atmosphere. In the 2.7 /xm region, the spectrum 
of Saturn shows signatures of PH 3 and, beyond 3.2 yxm, CH 4 . The PH 3 
absorption has been previously identified in airborne spectra (Larson et al. 
1980; Kerola et al. 1997). However, a line-by-line calculation of this band 
is not presently feasible, due to the lack of available spectroscopic data. 

The spectrum of Uranus and Neptune is surprisingly low. The signal 
was too weak to be detectable with SWS. The flux shows, as expected, a 
maximum at 2.7 /xm, but the inferred geometric albedo is very low (0.001 for 
Uranus and 0.006 for Neptune, to be compared to 0.3 — 0.5 for Jupiter and 
Saturn; Encrenaz et al. 1997). The origin of the absorption is still unclear. 
Another surprising feature is the sharp drop of the signal around 2.9 /xm 
on Uranus, which suggests the possible presence of another absorber; water 
ice could be a candidate, but the presence of H 2 O ice in Uranus, and not in 
Neptune, would remain to be understood. 

3.3.2 The 7—11 /xm spectrum of Jupiter and Saturn 

In the 7—11 /xm spectral range, the lower troposphere and the lower strato- 
sphere of Jupiter and Saturn are probed. As a result, molecular bands ap- 
pear either in emission (CH 4 ), or in absorption (CH 3 D, PH 3 , NH 3 ). These 
data have been used to retrieve the thermal profile (from CH 4 ) and the 
vertical distributions of the other species. In the case of Jupiter, following a 
preliminary analysis by Encrenaz et al. (1996; Fig. 15), a complete analysis 
of the ISO spectrum has been achieved by Fouchet et al. (1998, 1999) who 
also derive a ^®NH 3 /^^NH 3 ratio significantly smaller than the solar value 
(by a factor 2 to 4); there is presently no satisfactory explanation for this 
result. The analysis of the Saturn data (de Graauw et al. 1997b) indicate 
that the PH 3 vertical distribution shows a sharp cut-off above the 300-mbar 
level, in contrast with the Voyager results (Courtin et al. 1984). 



3.3.3 The far-infrared spectrum of Saturn 

Beyond about 16 /xm, Jupiter is too bright to be observed by SWS in the 
grating mode, and LWS observations also require careful analysis. The far- 
infrared spectrum of Saturn has been observed by LWS in the grating mode 
by Davis et al. (1996). The PH 3 distribution inferred from the PH 3 rota- 
tional transitions (Fig. 16) shows a cut-off above the 300-mbar level which 
agrees with the results derived by de Graauw et al. (1997b) with the SWS 
grating around 10 /xm. The high value of the tropospheric PH 3 mixing ratio 
(7 10“®) announced by Davis et al. (1996) probably comes from an error 
in the PH 3 line intensities given in the GEISA 1992 data bank. When the 
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Fig. 15. The SWS grating spectrum of Jupiter between 6.5 and 14.5 pm, com- 
pared with a synthetic model. The bands of CH 4 , C 2 H 6 and C 2 H 2 are observed in 
emission; the CH 3 D, PH 3 and NH 3 bands are observed in absorption. The figure 
is taken from Encrenaz et al. (1996). 



proper PH3 spectroscopic data are used (Poynter and Pickett 1984), a tro- 
pospheric value of about 2 10“® is found, in better agreement with Courtin 
et al. (1984) and de Graauw et al. (1997b). The NH3 vertical distribution 
derived from the LWS data was found in agreement with the Voyager results 
(Davis et al. 1996). 

3.3.4 The 5- pm spectral window 

In the case of Jupiter and Saturn, the 5-pm radiation probes the deep 
troposphere at pressure levels between 2 and 8 bars. On Jupiter, there are 
specific regions, called “hot spots”, located in particular in the vicinity of 
the North Equatorial Belt, where the assumed NH4SH cloud is thinner and 
less absorbing. As a result, the 5-pm SWS spectrum, which integrates in the 
aperture latitudes lower than about 60 deg., is mostly the spectrum of the 
hot spots, as the colder regions of the disk do not significantly contribute 
to the observed signal. On Saturn, the contrast between the hot spots and 
the colder regions is less visible. 
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Fig. 16. The LWS grating spectrum of Saturn between 157 and 198 /rm, compared 
to two synthetic models. The upper curve corresponds to the nominal model de- 
rived from Voyager; the lower curve, which provides a much better fit, corresponds 
to a modified PH 3 distribution with a cut-off above the 300-mbar level. The figure 
is taken from Davis et al. (1996). 



The analysis of the ISO-SWS grating spectrum of Jupiter (Encrenaz 
et al. 1996; Fouchet et al. 1998) leads to a very low value of the water abun- 
dance (about 1 percent saturation). This result confirms the recent Galileo 
results, both from the probe (Niemann et al. 1998) and from NIMS-Galileo 
at 5 /xm (Roos-Serote et al. 1998). It also confirms previous analyses of 
IRIS- Voyager data in this spectral range, which also led to a very low water 
abundance (Drossart et Encrenaz 1982; Bjoraker et al. 1986; Lellouch et al. 
1989a), and clearly show that the conclusion of Garlson et al. (1992) (who 
derived, from the same IRIS data, a H 2 O abundance compatible with the 
solar value) was incorrect. The current interpretation of the water depletion 
is that hot spots in Jupiter are dry, cloud- free regions of subsidence as a 
result of a complex, small-scale convective motion (Atreya et al. 1997, 1999; 
Young 1998). In this case, the low tropospheric water abundance would be 
a local meteorological phenomenon, and would not be representative of the 
entire disk. 

The ISO-SWS spectrum of Saturn has provided the first detection of 
tropospheric water (de Graauw et al. 1997b; Drossart 1998; Fig. 17). The 
inferred tropospheric H 2 O abundance is, as in the case of Jupiter, strongly 
sub-saturated (1.5 percent). This result suggests the possible presence, on 
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Fig. 17. Detection of H2O in the troposphere of Saturn. The upper curve is 
the ISO SWS grating spectrum. The lower curve is a synthetic model including 
absorptions by CH3D, AsHs, GeIÎ4, PH3, NH3 and H2O. The figure is taken from 
de Graauw et al. (1997b) 

Saturn, of a circulation system comparable to the Jupiter one, with small- 
scale convective cells. However, the absence of well-identified hot spots on 
Saturn makes the situation more puzzling. 

4 Pluto 

The measurement of Pluto’s far infrared lightcurve with ISO (Lellouch et al. 
1998a) is a good illustration of ISOPHOT sensitivity capabilities. The 
fluctuations of the visible lightcurve of the Pluto-Charon system, which 
shows the 6-day periodicity associated to the system’s orbital period, have 
been attributed to albedo variations on Pluto’s surface (Charon’s contribu- 
tion being too small to account for the lightcurve amplitude). Information 
about Pluto’s surface temperature has been independently retrieved by two 
other means: IRAS measurements indicated temperatures of 55 — 60 K at 
60 — 100 fj,m (Sykes et al. 1987) while millimeter observations led to a 
temperature of 35 — 42 K (Stern et al. 1993). From the lightcurve mea- 
surement of a stellar occultation by Pluto in 1988, the presence of a tenu- 
ous atmosphere, presumably nitrogen-dominated, was inferred (Elliot and 
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Young 1992). In addition to CH4 ice, previously identified (Cruikshank 
et al. 1976), N2 and CO ices were detected on Pluto’s surface from near- 
IR ground-based spectroscopy (Owen et al. 1993). The temperature dis- 
crepancy between the far-IR and millimeter ranges was then interpreted as 
possibly due to an inhomogeneity in Pluto’s surface temperature, with cold 
areas, associated with N2 sublimation, and warmer areas where N2 would 
be absent. 

Using PHT-C at 60, 100 150 and 200 /xm, Lellouch et al. (1998a) have 
obtained for the first time the far-infrared lightcurve of Pluto (Fig. 18). 
The flux varies between 300 and 500 mJy at 60 /xm, confirming that Pluto’s 
surface is not isothermal. As expected, the curve is, to the first order, an- 
ticorrelated with the visible lightcurve (Buie et al. 1997), since the albedo 
and the emissivity are anticorrelated. However, the comparison of both 
lightcurves shows a shift of the thermal lightcurve by about 20 deg., prob- 
ably associated with a thermal inertial effect (Lellouch et al. 1998a). 

5 Titan 

Most of our knowledge of Titan’s atmosphere has been revealed from its 
exploration by Voyager 1 in 1980. The thermal profile, derived from the 
radio-occultation experiment, shows a convective troposphere starting from 
a surface temperature of 93 K, decreasing to 70 K at the tropopause and 
increasing again in the stratosphere (Lindal et al. 1983). Nitrogen is the 
main atmospheric constituent, as inferred from the UV observations of nitro- 
gen bands (Broadfoot et al. 1981) and from the measurement of the mean 
molecular weight, close to 28 (Tyler et al. 1981). Methane is the most 
abundant minor constituent with a mixing ratio of about 2 percent and 
condensation is expected to take place in the upper troposphere (Hunten 
et al. 1984). A major result of the Voyager encounter was the detection 
by the IRIS infrared instrument of a large number of stratospheric complex 
molecules, hydrocarbons and nitriles, resulting from the methane photolysis 
and the dissociation of nitrogen by high-energy particles (Hanel et al. 1981; 
Hunten et al. 1984). In addition, CO2 was detected in Titan’s stratosphere 
by IRIS- Voyager (Samuelson et al. 1983) and CO was detected from near- 
IR ground-based measurements (Lutz et al. 1983). A summary of Titan’s 
atmospheric composition is given in Table 4. 

In order to explain the presence of oxygen compounds in the Titan 
stratosphere, the presence of an external water source coming from mete- 
oritic debris was postulated prior to the ISO observations (Samuelson et al. 
1983; Hunten et al. 1984). The search for water on Titan was thus a major 
objective of the ISO program. Its detection, however, was more difficult 
than in the case of the giant planets. Part of the difficulty came from the 
vicinity of Saturn which introduces a significant contribution of scattered 
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East longitude on Pluto 

Fig. 18. Detection of the thermal lightcurve of the Pluto-Charon system using 
ISOPHOT-C (upper curve with data points). The thermal lightcurve is, to the 
first order, anticorrelated with the visible lightcurve (lower curve and inverted in 
the upper figure, taken from Buie et al. 1997); however, a phase shift of 20 deg. 
is apparent, probably due to a thermal inertia effect. The figure is taken from 
Lellouch (1999). 



light. In order to remove it, ISO observations of Titan were performed to- 
wards the satellite (on source) and at the same position after Titan had 
moved from the aperture (off source). Two emission lines were identified 
around 40 fim with ISO-SWS in the grating mode (Coustenis et al. 1998a; 
Fig. 19). As in the case of the giant planets, this stratospheric water has 
to be of external origin. The derived water vertical distribution is 0.4 times 
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Table 4. Atmospheric composition of Titan (this table is taken from Coustenis 
et al. 1993). 



Gas Mole fraction Comments-Ref. 



Major components 



Nitrogen 


N, 




0.98 




Inferred indirectly (a) 


Argon 


Ar 




0 




Undetected to date (a) 


Methane 


CH, 




0.018 




In the stratosphere (c) 


Hydrogen 


H, 




0.002 




(b) 






Efvalor 


North pole 








~ S mhar 


O.l mhar 


^ 7.5 mhar 




Hydrocarbons 










Acetylene 


C:Hj 


2.2 xlO-‘ 


4.7 xl0-‘ 


2.3 XlO-’ 


(c) 


Ethylene 


C3H4 


9.0 xlO-' 




3 xl0-‘ 


(c) 


Ethane 


CjHs 


1.3 xlO-* 


1.5 XlO-’ 


1.0 XlO-’ 


(c) 


Methylacetylene 


CsHs 


4.4 xlO-' 


6.2 XlO-’ 


2.0 XlO-’ 


(c) 


Propane 


CjH, 


7.0 xlO-’ 




5.0 XlO-' 


(e) 


Diacetylene 


CsH, 


1.4 xlO-' 


4.2 xlO-* 


2.7 xlO-' 


(c) 


Monodenterated 


CH3D 


1.1 xlO-' 






1.1 xlO-’ (c) 


methane 












Nitriles 












Hydrogen cyanide 


HCN 


1.6 XlO-' 


2.3 xl0-‘ 


4 XlO-' 


(c) 


Cyanoacetylene 


HCjN 


< 1.5 X 10-® 


2.5 xlO-' 


8.4 xlO-’ 


(e) 


Cyanogen 


CjNj 


< 1.5 X 10-* 


1.6 XlO-’ 


5.5 XlO-’ 


(e) 


Oxygen compounds 










Carbon dioxide 


CO, 


1.4 XlO-’ 


<7 XlO-® 


(c) 


Carbon monoxide 


CO 




6 XlO-’ 




In the troposphere (d) 








< 4 XlO-’ 




In the stratosphere (e) 


Water 


H,0 


1 XlO-’ 


1 XlO-* 


Model prediction (f) 



Columns 4 and 5 define the vertical distributions of the components in the north polar region, from 
two presrure/altitude levels in the atmosphere: 0.1 mbar/250 Itm and 1.5 mbar/120 km. 



(a) Lellouch e< al. (1989 

(b) Samueison et al (1981). 

(c) Coustenis ei al, (1989a), Coustenis el al. (1989b), Coustenis ei al. (1991). 

(d) Luti et al. (1983). 

(e) Marten et al. (1988). 

(f) Yung el al (1984). 



the theoretical profile calculated by Lara et al. (1996). The inferred water 
flux is about 2 10® cm^ s“^, i.e. comparable to the Saturn flux: taking 
into account the errors, the Titan flux is between 0.5 and 6 times the Sat- 
urn value. The explanation of this relative similarity is unclear. Indeed, 
whatever the origin (interplanetary or local) of the water flux is, one would 
expect the Saturn value to be significantly higher than Titan’s, due to the 
larger gravitational focussing factor of Saturn (Coustenis et al. 1998a). 
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Wavenumber (cm'*) Wavenumber (cm *) 

Fig. 19. Detection of H 2 O rotational lines in Titan, at 43.9 and 39.4 /rm, using 
SWS in the grating mode. Synthetic spectra are calculated with 0.35 and 0.45 
times the water vertical proHle predicted by a photochemical model (Lara et al. 
1996). A small contribution (0.5 Jy) due to the Saturn H 2 O emission has been 
included in the calculations. The figure is taken from Coustenis et al. (1998). 

Pre-ISO calculations of Titan’s infrared thermal spectrum showed that a 
significant improvement could be expected with SWS, thanks to its 
better spectral resolution (Coustenis 1992; Coustenis et al. 1993). ISO- 
SWS grating observations of Titan provided a remarkable agreement be- 
tween the ISO data and the predicted synthetic spectra (Fig. 20), but no 
new dissociation product was found; upper limits were derived for benzene 
and aliéné (Coustenis et al. 1997, 1998b). 

SWS-grating observations of Titan between 5 and 7 /rm have been re- 
ported by Courtin et al. (1998) who were able to fit the spectrum with a 
model including thermal emission due to the haze, stratospheric emission 
from the CH 4 and C 2 IÎ 6 bands, and sunlight backscattered by the haze 
and the surface; from this study, information has been retrieved about the 
hydrocarbon vertical profiles, the physical properties of the haze, and the 
surface albedo (Courtin et al. 1998). 

6 Galilean satellites 

Observations of galilean satellites with ISO were made difficult because of 
the proximity of Jupiter, especially in the case of lo. Only SWS grating 
observations could be performed, and, in the case of lo, data were contam- 
inated by the Jupiter scattered light above 5 /xm. 

Near-infrared spectroscopy has been used over more than a decade to 
study the nature of lo’s surface. Following the first detection of a SO 2 plume 
by IRIS- Voyager (Pearl et al. 1979), and the identification of a stable SO 2 
atmosphere from millimeter spectroscopy (Lellouch et al. 1990), SO 2 ice 
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Fig. 20. The SWS grating spectrum of Titan (solid line) between 606 and 
780 cm“^ (12.8 — 16.5 /rm), compared with a Titan best fit model (dashed line). 
The figure is taken from Coustenis et al. (1997). 

has been firmly identified in the near-IR, while the detection of H2O and 
H2S were tentatively announced (Salama et al. 1990, 1994). 

SWS grating spectra of the leading side of lo between 2.4 and 4.2 /rm 
have confirmed the presence of SO2 ice which exhibits about 110 absorption 
bands in the ISO spectrum of lo (Schmitt et al. 1998; Fig. 21). A temper- 
ature of 110 K was inferred from the analysis. There is no evidence for 
SO3 nor H2O ice, but some unidentified bands might be due to H2S. The 
fraction of SO2 ice over lo’s disk appears to be between 55 and 70 percent, 
as previously estimated by the authors (Schmitt et al. 1994, 1998). 

In lo’s plasma torus, ISO has obtained the first infrared detection of 
ionized sulfur S+++ (Lichtenberg and Thomas 1998). This ion had been 
previously detected in the UV range by lUE (Moos et al. 1985) and 
Voyager (Broadfoot et al. 1979) but its abundance was uncertain. The 
SWS grating observations, with on both sides of the planet, can be satis- 
factorily reproduced with a Voyager-based model (Lichtenberg and Thomas 
1998). 

SWS spectra of the three other galilean satellites have been obtained, 
and LWS spectra of Ganymede and Callisto have been also recorded. These 
data have been used for deriving the brightness temperatures and the 
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Fig. 21. The SWS grating spectrum of lo between 2370 and 4800 cm“^ 
(2.45 — 4.22 /rm), with the identification of the solid SO 2 bands (Schmitt et al. 
1998). The asterisks identify the solar lines. 



infrared emissivities of these satellites (Feuchtgruber et al. 1998b). In 
addition, a search for a tenuous atmosphere has been performed on these 
objects, following the announcement of a tenuous oxygen atmosphere around 
Europa, Ganymede and Callisto (Calvin and Spencer 1993, 1994; 

Alexander et al. 1996; Kliore et al. 1997). Specific transitions of H 2 O, OH, 
CO 2 , C 2 H 2 and O 3 were searched for but the observations were 
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unsuccessful (Heras et al. 1998). Recently, a tenuous CO 2 atmosphere 
has been detected around Callisto by NIMS-Galileo (Carlson et al. 1999); 
the inferred atmospheric temperature is about 150 K, i.e. close to the sur- 
face temperature. The low temperature contrast between the atmosphere 
and the surface might explain the absence of detection by ISO of gaseous 
oxygen species on the galilean satellites. 

7 Comet Hale-Bopp (C/1995 01) 

The apparition of comet Hale-Bopp during the lifetime of ISO offered an 
exceptional opportunity to cometary scientists. Indeed, Hale-Bopp was an 
exceptionally bright, non-periodic comet; its exploration provided informa- 
tion on a comet population presumably originating from the Oort cloud, 
different from the short-period comets. New comets are believed to have 
been formed in the vicinity of Neptune’s orbit or beyond, and to have been 
ejected into the Oort cloud by planetary perturbations. Due to stellar per- 
turbations, a very small fraction of the Oort cloud comets is sent back in 
the inner Solar-system. Unlike new comets, short-period comets, which 
have more stable orbits and low excentricities, are believed to come from 
the Kuiper belt {Rh = 30 — 100 AU) where, according to current models, 
they were presumably formed. Observing the two populations, which have 
different histories, bears important implications about the formation of the 
outer Solar system. 

Comet Hale-Bopp was observed with ISO in the frame of a Target-of- 
Opportunity program, led by Crovisier et al. In spite of the stringent visibil- 
ity constraints (especially the solar elongation constraint) which precluded 
observations near perihelion, Hale-Bopp was observed on several occasions, 
pre- and post- perihelion, at heliocentric distances Rh ranging from 2.8 to 
4.9 AU (Crovisier et al. 1999a). ISO spectroscopic observations of Hale- 
Bopp are summarized in Table 5. 

The first result of the observation of Hale-Bopp by PHT-S was the dis- 
covery of CO 2 at a heliocentric distance of 4.6 AU (Crovisier et al. 1996). 
The subsequent detection of H 2 O, CO and CO 2 , at 2.9 AU, still with PHT- 
S, allowed a comparative study of the production rates of these species as 
a function of heliocentric distance (Crovisier et al. 1997; Tab. 6). Later, 
a post-perihelion observation at 4.9 AU showed an unexpectedly high CO 
abundance, possibly associated to an outburst (Crovisier et al. 1999a). 

SWS and LWS spectra of Hale-Bopp were recorded at a heliocentric dis- 
tance of 2.8 AU, providing the first composite infrared spectrum of a comet 
(Crovisier et al. 1997; Fig. 22). The 1/3 band H 2 O, seen at 2.6 /rm in emis- 
sion and excited by resonant fluorescence, is of specific interest (Fig. 23). 
From the relative intensities of the individual lines, a rotational tempera- 
ture of 28 K was retrieved (Crovisier et al. 1997a). The 1^2 H 2 O band, also 
excited by resonant fluorescence at 6.2 /xm, was detected for the first time 
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C/19S5 01 Hale-Bopp 




Fig. 22. A composite infrared spectrum of comet Hale-Bopp (C/1995 Ol) between 
2.3 and 180 fim, on October 6, 1996. Data have been taken with PHT-S (dotted 
line), SWS grating (solid line, A < 45 fim) and LWS-grating (solid line, A > 
45 jj,m). Emissions dne to H 2 O, CO 2 and CO are visible below 5 /rm. The hgure 
is taken from Crovisier et al. (1997b). 

C/iWb 01 (Hal«-Bopp) 27 SepL -h t OcL 1996 




Fig. 23. The 2.6 — 2.9 jam SWS grating spectrum of comet Hale-Bopp, averaged 
from observations made on 27 September and 6 October, 1996. The data can be 
fitted with a synthetic fluorescence spectrnm of water calcnlated with Q(H 20 ) = 
3.6 10^® s”^, Tr = 28.5 K and OPR (ortho-para ratio) = 2.45. The figure is taken 
from Crovisier et al. (1997b). 






T. Encrenaz: ISO Observations of Solar System 



131 



Table 5. ISO spectroscopic observations of comet Hale-Bopp (C/1995 Ol) (this 
table is taken from Crovisier et al. 1999a). 



Date r A instrument 

dd/mm/yy [AU] [AU] 



27/04/96 


4.58 


4.26 


05/05/96 

01/09/96'*) 


3.22 


2.83 


06/09/96 

26/09/96 


2.93 


2.96 


06/10/96 


2.82 


3.01 


10/10/96 

25/12/97 


3.85 


3.68 


29/12/97 


3.89 


3.73 


06/04/98 


4.90 


5.00 



PHT-S 

PHT-S (background) 

PHT-S, SWS 

PHT-S (background) 

PHT-S, SWS 

PHT-S, SWS, LWS 

PHT-S, LWS (background) 

PHT-S 

SWS 

PHT-S 



“) erroneously made at a position offset by 38". 



Table 6. Molecular production rates observed in comet Hale-Bopp (C/1995 01) 
(this table is taken from Crovisier el al. 1999a). 



Date 

dd/mm/yy 


[AU] 


HjO 

[102« 


CO 

molec. 


CO 2 


27/04/96 


4.58 


_ 


« 7.0 


1.3 


26/09/96 


2.93 


33.0 


23.0 


7.4 


29/12/97 


3.89 


2.8 


15.0 


3.5 


06/04/98 


4.90 


- 


30.0 


3.0 



in a comet, and led to a similar rotational temperature (Crovisier et al. 
1997b). This low value reflects the efficient cooling associated to the gas 
expansion in the inner coma. A comparison of the intensities of the or- 
tho and para transitions in the band at 2.6 /xm led to a measurement 
of the ortho-to-para ratio of 2.45 ± 0.10, which corresponds to an equilib- 
rium spin temperature of about 25 K. Since no mechanism is expected to 
change the ortho-to-para ratio during the comet history, this spin tempera- 
ture is believed to be representative of the formation conditions of the comet 
(Crovisier et al. 1997a,b). 

At longer wavelengths, the SWS and LWS spectra provided new discov- 
eries regarding the nature of solids in comet Hale-Bopp. Between 8 and 
45 /im, the SWS spectrum exhibits a series of emission features which can 
be very well reproduced by an emission spectrum of forsterite (Mg 2 Si 04 ), 
a magnesium enriched olivine, i.e. a magnesium-rich crystallized silicate 
(Crovisier et al. 1997b; Fig. 24). The SWS spectrum of Hale-Bopp was 
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C/1B98 OJ HaJe-Bopp 




«■TelecfLh [Mm] 

Fig. 24. The SWS grating spectrum of comet Hale-Bopp between 6 and 45 /rm 
(upper curve), compared with a modelled spectrum of forsterite Mg 2 Si 04 (lower 
curve). The fringes at wavelengths longer than 25 /rm are an instrumental effect. 
The figure is taken from Crovisier et al. (1997b). 

remarkably constant in shape, before and after perihelion (Crovisier et al. 
1999a). It is remarkable that a similar feature has been also observed in the 
circumstellar shell of Vega-type stars, in particular HD 100546 (Waelkens 
et al. 1996); this suggests a possible link between the protosolar dust from 
which comets formed and the dust of protoplanetary disks around young 
stars (Crovisier et al. 1997a). Olivine was also detected on Hale-Bopp by 
PHT-S at 11.2 /im, pre- and post-perihelion. 

In the LWS range, the Hale-Bopp spectrum has revealed the presence of 
water ice at Rh = 2.8 AU (Lellouch et al. 1998b; Fig. 25). The presence of 
icy grains, unexpected at such a small heliocentric distance, was confirmed 
by the presence of an absorption feature at 2.9 /im. From these data, the 
size of the grains was inferred (15 /im), as well as their lifetime (2 days) and 
their total mass (Lellouch et al. 1998b). Such grains could be a significant 
source of water sublimation at 2.8 AU (Crovisier et al. 1999a). 

CAM images of Hale-Bopp have been used by Lamy et al. (1999) 
to separate the nucleus from the dust coma (Fig. 26). These observa- 
tions provided the first detection and analysis of a cometary nucleus in the 
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Fig. 25. The LWS spectrum of comet Hale-Bopp between 40 and 190 /rm, com- 
pared with a two-component model including the H 2 O ice contribution (solid line) 
and the dust contribution (dashed line). The short-dashed line, very close to the 
ISO data, is the sum of the two components. The figure is taken from Lellouch 
et al. (1998b). 

thermal infrared; this technique was very successful in the case of Hale- 
Bopp, an active and young comet. Observed radial profiles were fitted with 
a two-component model including a point-like source and a dust component 
assumed to have a standard radial R~^ distribution. The nucleus tem- 
perature was found to be equal to the dust temperature, and the silicate 
signature was detected both on the nucleus and in the dust (Lamy et al. 
1999). Finally, far-infrared photometry of Hale-Bopp led to a determination 
of its brightness temperature as a function of i?h, and provided information 
about the size distribution and composition of the cometary grains (Peschke 
et al. 1998a, 1999; Gruen et al. 1999; Osip et al. 1998, 1999; Fig. 27). 

8 Short-period comets 

Short-period comets are usually weaker than new comets because they are 
intrinsically less active. There were no bright periodic comets in the ex- 
pected lifetime of ISO; selected targets were, in particular, comets 2P/Encke 
and 22P/Kopff. With the extension of ISO lifetime, a more exciting oppor- 
tunity was provided by 103P/Hartley 2, which could be observed close to 
perihelion (i?h = 1 AU) in January 1998 and turned out to be about as 
bright as Hale-Bopp at that time, when Hale-Bopp was at 4 AU from the 
Sun. Other weaker cometary targets included 65P/Gunn and 46P/Wirtanen. 
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Fig. 26. ISOCAM images of comet Hale-Bopp recorded in 4 filters between 7 and 
15 fim. From these images, taken in October 1996, the spectrum of the nucleus 
was extracted and the emission signature of silicates was detected at 10 pm. The 
figure is taken from Lamy et al. (1999). 

Comets Kopff and Hartley 2 were bright enough to allow spectroscopic 
observations (Crovisier et al. 1999b), in particular in the H 2 O band at 
2.6 pm. Individual lines were detected in both cases with SWS-grating, lead- 
ing to a determination of their water production rates ( 5 (H 20 ), their rota- 
tional temperatures Ty and their spin temperatures Tg. Results are shown in 
Table 7. As discussed by Crovisier et al. (1999b), the rotational tem- 
perature, which indicates the temperature of the inner coma, decreases as 
Q(H20) decreases, in agreement with the predictions. The low value of 
Tr for comet Kopff indicates that water excitation is close to pure fluores- 
cence. The spin temperature of Hartley 2 is about 35 K, i.e. significantly 
higher than its value for Hale-Bopp. This temperature has a primordial 
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Fig. 27. Far-infrared photometry of comet Hale-Bopp using PHT-P and PHT-C. 
Different symbols characterize different observation dates. Cross: 25 March 1996; 
star: 27 April 1996; diamond: 27 September 1996; triangle: 7 October 1996; 
square: 30 December 1996. The figure is taken from Gruen et al. (1999). 

Table 7. H 2 O production rates and temperatures derived from the U 3 H 2 O band 
(after Crovisier et al. 1999a, b). 



COMET 

DATE 


Rh 


Q(H20) 


Tr 


OPR 1 


Ts 2 


C/1995 01 

HALE-BOPP 

26/9/96 


2.9 


3.3 10^9 


28 


2.45 (0.10) 


25 


29/12/97 


3.9 


2.8 1028 


<10 






22P/KOPFF 

12+25+30/10/96 




3.7 1027 


<11 






103P/HARTLEY 2 
1/1/98 


1.0 


1.24 10^8 


20.3 (0.8) 


2.76 (0.08) 


35 


19/1/98 




0.54 10^8 


16.5 (1.6) 


2.63 (0.18) 


35 



Error bars are given in parenthesis. 



1 OPR = ortho-to-para ratio. 

^ For 103P/Hartiey 2, the value of Ts is obtained from the summation of the two spectra. 
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103P/HarUey 2 ISOCAM-CVF 31 Deo. 1907 




wavelength [;mi] 

Fig. 28. The spectrum of comet 103P/Hartley 2 in two spectral ranges between 
2.5 and 4.5 /rm, recorded with ISOCAM in the CVF mode. Emissions by CO 2 
and possibly H 2 O are detected at 4.25 /rm and 2.7 /rm respectively. The figure is 
taken from Crovisier et al. (1999b). 

signification and might reflect differences in the formation scenarios of the 
two families of comets. 

The CAM-CVF spectrum of comet Hartley 2 (Fig. 28) led to a deter- 
mination of the CO 2 production rate (1.2 10^^ s“^). This corresponds to a 
CO 2 /H 2 O ratio of 0.1 at a heliocentric distance of 1 AU. We do not know 
the value of this ratio for Hale-Bopp corresponding to i?h = 1 AU, but we 
can compare this ratio to that of comet Halley near perihelion (CO 2 /H 2 O = 
0.03 for i?h = 0.8 AU; Combes et al. 1988). The factor 3 difference may be 
partly due to the difference in i?h, as we know that this ratio increases with 
heliocentric distance (Tab. 6), but it may also reflect intrinsic differences 
between short-period comets. 

The SWS 5 — 11 /rm spectrum of comet Hartley 2 also provided infor- 
mation about minerals. The silicate feature is clearly visible, with in par- 
ticular the signature of olivine at 11.3 /xm (Crovisier et al. 1999b; Fig. 29). 
This confirms the presence of crystalline silicates in a short-period comet. 
Olivine has been previously detected in comet Halley (Bregman et al. 1987; 
Combes et al. 1988), and, as mentioned above, is also unambiguously seen 
in comet Hale-Bopp. This result shows that, in the case of both comet 
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I 03 P/HartIe 7 Z ISOCAU-CVT 




Fig. 29. The 5 — 17 pm spectrum of 103P/Hartley 2 observed with CAM in the 
CVF mode. The upper curve shows the raw spectrum with a blackbody spectrum 
at 295 K. The lower curve is the ISO spectrum after blackbody subtraction and 
shows the silicate band at 9 — 12 pm. The figure is taken from Crovisier et al. 
(1999b). 

families, cometary grains were able to incorporate crystalline silicates 
(Crovisier et al. 1999b). 

9 Cometary trails 

Cometary trails, first revealed by IRAS observations (Davies et al. 1984; 
Sykes et al. 1986) may represent the main source of mass loss from comets 
(Sykes and Walker 1992) and are important reservoirs of interplanetary 
dust. Images of the dust trail of 22P/Kopff have been recorded at 12 pm 
at positions behind the comet at mean anomalies of 0.5 and 1 deg. (Davies 
et al. 1997; Fig. 30). The trail was found to be about twice fainter that at 
the time of the IRAS observations. The trail of 22P/Kopff was also observed 
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Fig. 30. An image of 22P/Kopff dust trail recorded at 12 fim with ISOCAM, at 
a mean anomaly of 0.5 deg. from the nucleus. The figure is taken from Davies 
et al. (1997). 



with PHT-P at 12, 25 and 60 /rm, at 0.25 deg. behind the comet; these 
data will be used to infer the temperature of the cometary grains and its 
evolution as a function of the distance to the comet (Abraham et al. 1999). 
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10 Distant comets and Kuiper-Belt objects 

A study of distant comets was undertaken with ISOPHOT. Chiron and 
Schwassmann-Wachmann 1 have been searched for in different filters be- 
tween 16 and 100 iim (Peschke et al. 1998). Upper limits of their 
brightness temperatures Tb were inferred. In the case of Chiron, Tb < 
98 K for i?h = 8.4 AU. In the case of SWl, Tb < 116 K for i?h = 6.1 AU. 

Pholus was detected with a flux of 240 mJy at 60 /rm. Assuming an 
albedo of 0.01 — 0.04, the inferred diameter ranges between 200 and 500 km 
(Thomas et al. 1998). 

On the basis of sensitivity estimates prior to the ISO launch, a search 
for Kuiper Belt objects was undertaken with ISO. Over 60 of these objects 
have been detected in the visible range, at heliocentric distances ranging 
between 30 and 50 AU; the population of Kuiper-Belt objects having a 
diameter over 100 km is expected to exceed 70 000 (Jewitt et al. 1998). 
Assuming an albedo of 0.04, the observed objects have typical diameters 
of 100 — 300 km; the measurement of their thermal flux would provide 
an independent determination of their size, albedo and temperature, and 
would greatly improve our knowledge of this new class of objects. However, 
their detection with PHT-P/C turned out to be more difficult than antici- 
pated. Thomas et al. (1998, 1999) have reported the identification of two 
Kuiper-belt objects. The first one, 1993 SC, was unambiguously detected 
with a flux of 11 (± 4) mJy at 90 /rm. Using a standard thermal model 
(STM), the authors infer an effective radius of 164 (± 35) km, corresponding 
to a geometric albedo of 0.022 (± 0.013). A second Kuiper-Belt object, 1996 
TLee, was more marginally detected. The detection, if real, corresponds 
to an effective radius of 316 (± 49) km, and a geometric albedo of 0.030 
(± 0.015). Both objects are found to be very dark, and their detection is 
very close to the detection limit of PHT-C. 

11 Asteroids 

The study of asteroids, like that of comets, bears information about pri- 
mordial processes which took place in the early Solar-system, before the 
formation of planets. The family of asteroids, however, is still poorly known. 
Visible and near-IR ground-based observations have been used for a classifi- 
cation of these objects according to their colour and their minéralogie com- 
position. This classification ranges from the most primitive bodies (class 
C and D) to the most differentiated (class S and M). Two asteroids, 951 
Gaspra and 243 Ida, have been encountered by the Galileo spacecraft which 
discovered a satellite around Ida. The NEAR mission, launched in 1996, 
has encountered Mathilda in June 1997 and will have a rendez-vous with 
433 Eros in January 1999. 
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1 1 72 Aneos 




Fig. 31. The PHT-S spectrum and PHT-P data (10, 11.5, 25 and 60 fim) of as- 
teroid 1172 Aneas, compared with a synthetic spectrum calculated with a thermal 
model assuming a diameter of 143 km and an albedo of 0.04. The figure is taken 
from Dotto et al. (1999). 



Infrared observations of asteroids, coupled with the visible data, pro- 
vide a direct measurement of their temperature, and allow to separate the 
albedo and diameter determinations. The IRAS Minor Planet Survey led to 
diameter determinations for several hundred asteroids (Tedesco et al. 1992). 
Following this successful work, ISO observations were planned on specific 
asteroids of different classes in order to better determine their physical pa- 
rameters and their surface composition. In addition, in the far infrared- 
range, the brightest asteroids were expected to be used as calibrators. 

Results have been reported about 16 asteroids, observed with PHT-S, 
PHT-P and, in some cases, SWS (Tabs. 1 and 8; Barucci et al. 1997; 
Vandenbussche et al. 1998; Dotto et al. 1999). The list includes the bright- 
est and/or biggest asteroids, and special attention was given to the dark 
asteroids (class C and D), the most primitive of these objects, which are 
present in the outer parts of the Main Asteroid Belt. Examples of PHT-S 
and PHT-P are shown in Figure 31 for 1172 Anaeas (Dotto et al. 1999). 
Using a standard thermal model, the diameter and the albedo of the objects 
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Fig. 32. A set of 14 PHT-S spectra of asteroids recorded between 5.8 and 11.6 fim. 
The figure is taken from Dotto et al. (1999). 

are inferred. However there are some discrepancies between the calibration 
of PHT-S and PHT-P data (and also between PHT-S and SWS) which are 
not presently solved. The 5 — 12 /im PHT-S spectra of 14 asteroids are 
shown in Figure 32. 
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Fig. 33. The SWS spectrum of asteroid 10 Hygiea. Features between 30 and 
45 fim suggest the possible presence of hematite, enstatite and amorphous carbon. 
The figure is taken from Dotto et al. (1999). 



SWS spectra have been recorded on about 10 objects, including the 
brightest ones (Vandenbussche et al. 1998). Figure 33 shows the SWS spec- 
trum of 10 Hygiea (Dotto et al. 1999). As pointed out by the authors, 
a preliminary analysis of this spectrum suggests the possible presence of a 
combination of hematite, enstatite and amorphous carbon. The presence 
of oxydes like hematite and enstatite would indicate an aqueous alteration 
of their surface; such a low-temperature chemical alteration is actually ex- 
pected in the outer Main Belt (Barucci et al. 1998). 

1 Ceres, the largest asteroid, has been extensively studied with ISO. Ob- 
servations have been performed with SWS and LWS in the grating mode, 
and with PHT-S, P and C (Mueller et al. 1999). The combined observations 
show a decrease of the emissivity toward longer wavelengths, which might 
be due to sub-surface scattering process. An analysis of ISOPHOT obser- 
vations at different phase angles, before and after perihelion, confirmed a 
very low value of the thermal inertia (< 20 Jm“^ s“°'^ K“^) (Mueller et al. 
1999). 
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12 Zodiacal light 

Above 2 /im, the infrared sky is dominated by thermal emission from the 
zodiacal light, composed of interplanetary dust particles (Lamy 1992). As 
these particles originate from solar-system objects, they are most abundant 
in the vicinity of the ecliptic plane. Our knowledge of this component 
has largely benefited from the IRAS and CORE observations, which have 
provided information about the spatial distribution and the temperature of 
the grains (Gruen 1999). 

Spectra of the zodiacal light have been performed with CAM in the CVF 
mode (Reach et al. 1996) and PHT-S in the 6 — 12 fj,m range 
(Abraham et al. 1999). The spectrum is remarkably well fitted with a 
270 K Planck curve over the whole spectral range. The departures to the 
blackbody curve tentatively reported by Reach et al. (1996) were not con- 
firmed by the ISOPHOT data which show the absence of spectral structure 
at the resolving power of PHT-S (90). 

Concerning the small-scale structure of the zodiacal light, an upper limit 
of 0.2 percent was derived at 25 /rm for the fluctuations, from the study 
of five 0.5 X 0.5 deg. fields at various ecliptic latitudes (Abraham et al. 
1999); this result confirms the concept of a smooth spatial distribution of 
the zodiacal light. In order to validate the 3-D picture of the zodiacal 
light inferred from IRAS and COBE/DIRBE surveys, which is especially 
important for searching the very faint extragalactic background, 18 specific 
observations have been performed in dark regions; the result is that the 
COBE/DIRBE model can be adapted to ISOPHOT observations with high 
accuracy (Abraham et al. 1999). 

13 Conclusions and perspectives 

The above discussions illustrate that the amount and diversity of the re- 
sults obtained with ISO on solar-system objects have exceeded by far the 
expectations. This is partly due to the fortunate apparition of comet Hale- 
Bopp during ISO’s lifetime; in any case, as pointed out by Lellouch (1999), 
it shows that, in spite of the many in-situ space missions launched toward 
solar-system objects, there are still discoveries to be done from Earth-orbit, 
as well as the ground itself. 

For solar-system studies with ISO, SWS has been especially successful 
in terms of new discoveries. It is interesting to note that for detections of 
many new species, the SWS grating mode turned out to be more adequate 
than the Fabry-Pérot (FP) mode; this is especially true for detecting the Q- 
branches of hydrocarbon vibration-rotation bands. The FP mode, however, 
both on SWS and LWS, was unique for detecting narrow lines like HD and 
H2O. 
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The success of ISO for planetology studies also shows that the use of 
astronomical space observatories by the planetology community is scientifi- 
cally rewarding, as previously experienced by lUE and HST. The next step 
after ISO will be SIRTF, to be launched in December 2001. SIRTF will 
be equipped with instruments of high sensitivity but limited spectral reso- 
lution as compared to ISO. It should be especially useful for the study of 
faint objects, in particular Uranus and Neptune, Pluto, the outer satellites, 
distant comets and asteroids, and possibly Kuiper-belt objects. 

As a next step, the FIRST mission should provide a great opportunity 
for far-infrared and submillimeter spectroscopy of solar-system objects, in 
particular with the heterodyne instrument HIFI. Heterodyne spectroscopy 
has been extremely successful for solar-system studies. Many minor species 
have been detected in planets and satellites (H 2 O and HDO on Mars and 
Venus, CO, CS, OCS and HCN on Jupiter after the SL9-collision, CO and 
HCN on Neptune, CO, HCN, CH 3 CN and HC 3 N on Titan, SO 2 and SO on 
lo...; see Encrenaz et al. 1995b and Lellouch 1996, for a review). The list 
of new species detected in comets by heterodyne spectroscopy is even more 
impressive (HDO, CO, H 2 CO, CH 3 OH, HCOOH, HNCO, NH 2 CHO, NH 3 , 
HCN, HNC, CH 3 CN, HC 3 N, H 2 S, H 2 CS, CS, OCS, SO, SO 2 ...; see Crovisier 
and Bockelée-Morvan 1997, for a review). In the case of giant planets, a ma- 
jor objective will be the retrieval of the vertical stratospheric profile of H 2 O, 
which could give information about the origin of the oxygen external source. 
Observing the HD R(0) line at 112 /xm with the HIFI high-frequency chan- 
nel should allow an improved measurement of D /H on all giants (Encrenaz 
1997). In the case of bright comets (Q(H 20 ) > 10^® s“^), the extended 
spectral survey with HIFI should lead to the discovery of many new minor 
species. The observation of a large number of H 2 O transitions will allow 
the measurement of the ortho-to-para ratio and a determination of the spin 
temperature. On many short-period comets (( 5 (H 20 ) > 10^® s“^), the pro- 
file of the H 2 O 557 GHz line will allow us to determine water production 
rates, velocity fields, anisotropies and variations with the comet’s rotation 
(Crovisier and Bockelée-Morvan 1997). 

The two other imaging instruments, SPIRE and PHOC, will be very 
powerful for measuring the photometry and spectro-photometry of a large 
number of solar-system objects. SPIRE and PHOC will allow the follow- 
up of ISO programs with a sensitivity gain of at least 10. For comets 
with Q(H 20 ) > 10^^ s“^, many H 2 O and OH transitions should be ob- 
served, leading to an estimate of the spin temperature. Distant objects 
like outer satellites, Pluto, Centaurs, distant cometary nuclei and even pos- 
sibly Kuiper-Belt objects will be detected. In the best cases like Pluto, 
their lightcurves will be measured and thermal properties of their surfaces 
will be inferred, and, in view of the ISO results, we can hope that several 
Kuiper-Belt objects will be above the detectability limit. These far-infrared 
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observations will bring information upon their physical parameters, their 
energy budget, possibly their composition, and will provide new insights on 
the asteroid/comet/Kuiper-Belt connection. 
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1 The complex objects called stars: Well known and still puzzling 

What stars are, why they radiate so much energy (by human standards) 
for so long (by human standards); why there is a main sequence and why 
there are branches away from the main sequence; what white dwarfs and 
red giants are and why these differ from main-sequence stars; what the 
atomic abundances are and how stars make atoms heavier than helium: 
such questions have occupied the minds of astrophysicists in the first 2/3 of 
this century and the satisfactory answers to all this questions is undoubtedly 
one of the major successes of astrophysics in this century. 

It is not a surprise that having all this accomplished by, say 1970, many 
researchers assumed that our knowledge of the “stars” as close to completion 
and that little exciting news was to be expected from stellar research. At the 
same time new observational techniques made it possible to study galaxies 
with higher sensitivity and in more detail and in more aspects; this included 
the galaxy we call the Milky Way. No surprise that stellar research lost some 
of its vigour, as one may prove by looking through the yearly index of the 
Astrophysical Journal and by noting how over the years the ratio dropped 
between the articles on stellar research and on other subjects (interstellar 
matter, galaxies, cosmology). 

How wrong this assumption of completion was! Look at what hap- 
pened in the last 1/3 of this century thanks to new tools: computers, larger 
telescopes, linear and more sensitive detectors, better spectrographs and 
satellite observations at wavelengths inaccessible before, say, 1965. 

Let us start with new observational results: 

• the measurement of stellar diameters and its dependence on wave- 
length (vis, nir); 

• stellar “seismology” , and especially the seismology of the Sun (vis); 

• the detection of stellar coronae and stellar activity in X-rays; 

• the mapping of the stellar surface (uv, X); 

© EDP Sciences, Springer-Verlag 2000 
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• the detection of planets and of debris disks around main-sequence 
stars (vis, ir); 

• the discovery of stars that have not yet arrived on the main sequence 
and of their complex circumstellar environment, such as disks and jets 
(vis, ir, X); 

• the distinction of two types of red giants: RGB and AGB and the 
discovery that mass loss ends the life of stars of modest mass (vis, nir, 
mir, fir, submm); 

• the discovery of thermal pulses, the associated dredge-ups in AGB 
stars and the appearance of “new” atomic nuclei in the stellar surface 
layers (vis, nir); 

• the discovery of the important effects of the exchange of mass between 
close companions (X, uv); 

• the existence of neutron stars (X, uv, cm); 

• the discovery of black holes (X, cm); 

• supernovae (including SN 1987A) (all wavelengths). 

Here I have taken “X” to mean the wavelength range A < 10 nm; uv: 
10 < A < 300 nm; vis: 300 < A < 900 nm; nir: 900 < A < 3000 nm; mir: 
3 < A < 25 ^m; fir: 25 < A < 300 nm; submm: 300 < A < 1000 nm. 

Second, consider the progress on the theoretical side mainly due to the 
availability of newer, faster and more computers: 

• more detailed calculations of model stars for a larger number of pa- 
rameter values; 

• detailed calculations of vibrations and pulsations for a given stellar 
structure to be compared with observations; 

• better and more detailed nuclear reaction networks; 

• the construction of models of disks successively around young stars, 
main-sequence stars, neutron stars and black holes; 

• more and better atmosphere models; 

• models are for neutron stars and a gradual development of the equa- 
tion of state for the gas inside these stars; 

• models for the environment of black holes; 

• calculations of double star evolution including mass exchange. 
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Unfortunately one fundamental problem remains unsolved; over the last 30 
years little progress has been made and progress in making stellar models 
has been slowed down and even halted the understanding of some impor- 
tant issues. This problem is the fundamentally correct calculation of gas- 
dynamic turbulence or convection. Effects of convection, and they can be 
very important, are still calculated through crude approximations: ab initio 
calculations are not yet possible. 

The developments of the observational and theoretical means have added 
much to our existing knowledge and made the stars more complex but also 
more interesting. That is nice for those of us who have devoted much 
energy to stellar research. There is another bonus: stars can now be used as 
tracers of the history of the populations in which they are found, not only in 
populations close to the Sun, but also in other galaxies. We are witnessing 
a large increase in sensitivity, a bit because the detectors improve, but 
predominantly because more “big” telescopes with diameters of about 4 m 
come into operation. Presently we live in a transition phase where many 8 
m telescopes are being constructed and begin to operate. 

1.1 Outline of these notes 

The lectures at this summer school deal with the infrared sky. This limits 
the choice of the topics for my lectures on stars. The formation of stars, a 
subject of infrared astronomy par excellence, will be discussed by Antonella 
Natta and I skip it in my lectures. 

I will discuss first the brown dwarfs, objects that formed like stars but 
do not have enough mass to start the fusion of hydrogen and helium, and 
therefore never become a real star. I will then move on to main-sequence 
stars and the question of planetary systems around them; then evolved stars, 
the red giants, will follow and the planetary nebulae that emerge from them 
for a brief moment before the nucleus of the red giant is left as a lonely 
white dwarf, a remnant that will remain detectable for a long time and only 
slowly fade into oblivion. I will not discuss the cataclysmic variables, the 
neutron stars and the black holes: they do not reveal their most interesting 
properties at infrared wavelengths. I end by making a few remarks on the 
distribution of stars of different ages in our Milky Way galaxy and on their 
presence in other galaxies; in other words: on the question of what we can 
learn about other galaxies by studying their infrared stars. 

2 Red and Brown dwarfs: Stars of very low mass 

When a molecular cloud contracts starlike objects will form of different 
masses. Those with a mass more than 0.08 Mq will ignite the fusion of 
hydrogen into helium but in those (some? many?) with a mass below 
this limit the pressure and the temperature at the center will never be 
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high enough to ignite the fusion. These objects are called “brown dwarfs”; 
they radiate energy at the expense of their potential energy of gravitation; 
continuous contraction of the objects makes this possible. (In the latter 
half of last century Kelvin and Helmholtz, independently of each other, 
studied the problem of the then considered large age of the Sun and Earth, 
i. e. several million years. They proposed that gravitational energy was the 
ultimate source of energy for the Sun. Later Rutherford used radioactivity 
of rocks to prove that the Earth is 100 or 1000 x older; this ruled out the 
proposal by Kelvin and by Helmholtz. Finally, in the mid thirties of this 
century nuclear fusion was proven to make the Sun shine during several 
Gigayears.) 

Objects above the limit of 0.08 Mq will burn hydrogen in their core. If 
they have a mass below 0.8 Mq they will do this for a time longer than the 
age of the Universe (say, 15 Gyr). Thus when one detects such an object it is 
almost certainly on the main sequence; only in a few cases such a star is on 
its way toward the main sequence. These stars have very cold atmospheres 
and their spectroscopy labels them as “late M-dwarfs” ; it is a fashion to use 
a new spectral class for the coldest among these dwarfs: i^type stars. We 
will have to see whether this habit has sufficient scientific justification (or 
-if that is lacking- enough enthousiastic supporters) to stick. 



2.1 Calculations of the structure of M-dwarfs and brown giants 

The following table constructed from values given by D’Antona and 
Mazzitelli [20] gives some idea of the basic stellar parameters mass, effective 
temperature and luminosity of stars of very low mass. Figure 1 shows in 
more detail the relation between mass and luminosity. 



M/Mq 


Teff(fc) 


L/Lq 


M-type dwarfs 


0.30 


3700 


0.0140 


0.15 


3600 


0.0039 


Brown dwarfs 


0.05 


1700 


0.0001 


0.03 


1800 


0.0001 



Stars of very low mass, say below 0.3 Mq, have a different structure. 
A useful compilation of recent insights is in the conference proceedings of 
a workshop held in 1997 [59]. Ghabrier and Allard [18] enumerate physical 




logL/1^ 
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Fig. 1. Computed mass- luminosity relations for various assumptions of the metal- 
licity; the dashed curves represent older model calculations. The diagram is a copy 
of Figure 12 in Chabrier and Baraffe [18]. 



properties of low-mass dwarfs that differ from those of intermediate mass 
main-sequence stars: 

• the equation of state is different: there is pressure ionization together 
with radiative ionization; there are correlation effects between charged 
particles; the electrons form a partially degenerate ensemble; 

• the nuclear reactions are influenced by screening effects that enhance 
the reaction rates; 

• the role of the atmosphere is different in two aspects: (1) the gas is 
very cool and therefore molecules contribute strongly to the opacity; 
much more elaborate calculations are needed before the dependence of 
the opacity as a function of wavelength is known; (2) the atmosphere 
is very extended and the match between the inner structure of the star 
and the atmosphere (z.e. the boundary conditions) apparently needs 
a careful treatment. 






6680 6700 6720 6740 



Wavelength (A) 

Fig. 2. The spectrum of three very cool darfs around the lithium I line at A = 
670.4 nm. A strong absorption line is seen in the brown dwarf DENIS-P J1228.2- 
1547. The figure is a copy of Figure 2 in Tinney et al. [67]. 



The distinction between a red and a brown dwarf is of great theoretical 
value, but also the observational distinction is important. By definition 
the occurence of nuclear fusion is the fundamental difference. A simple 
observational test has been proposed to detect nuclear fusion in a given 
object: the presence or absence of a spectral line of Lil. When hydrogen 
fusion occurs then most likely all lithium atoms are destroyed and because 
red and brown dwarfs are both convective throughout, it follows that the 
presence of lithium in the atmosphere proves an object to be a brown dwarf: 
in a red dwarf the lithium would have been destroyed. For more discussion 
see Basri [3]. In Figure 2 the Li I absorption line is clearly seen at 671 nm 
in the object DENIS-P J1228. 2-1547, making it very likely that this object 
is indeed a star without nuclear fusion at its centre. 
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Fig. 3. Observations of very red stars in the cluster NGC 6397 compared with 
model predictions. The figure is copied from Baraffe et al. [2]. 



The calculation of the internal structures of red and brown dwarfs needs 
further development and, yet, much has already been achieved. Figure 3 
shows how well model HR-diagrams already predict the measurements of 
luminosity and colour. 
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Fig. 4. M-dwarf spectra from 0.6 to 2.4 /rm. The figure is a copy of Figure 3 in 
Kirkpatrick [38]. 



2.2 How they look like: Spectra of red and brown dwarfs 



Figure 4 shows the most important part of the spectral energy distribution 
of red dwarfs with spectral type between M2V and M8V. The shift of the 
maximum in the spectrum towards longer wavelengths for the later types is 
obvious. 

Figure 5 shows pieces of the spectra between 0.65 and 0.8 pm of a few 
stars of very-late-type stars and of confirmed brown dwarfs. Both figures 
show that to find red and brown dwarfs you must search for them at infrared 
wavelengths. 
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Fig. 5. Six spectra between 650 and 800 nm of very cool objects: the two lowest 
are hydrogen burning dwarfs of very low luminosity and mass; the top two spectra 
belong to brown dwarfs; numbers 3 and 4 from below of above are probably also 
brown dwarfs. The figure is a copy of Figure 1 in Tinney et al. [67]. 



2.3 The search for red and brown dwarfs: Strategies and results 

Until a few years ago the search for brown dwarfs had not had any success. 
The low luminosity and very red colour prevented their discovery. This has 
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changed in recent years by using different strategies: brown dwarfs are now 
found by several different strategies. Here is some summing up: 

• because many stars are part of a multiple system one may expect to 
find faint stars or brown dwarfs in the immediate neighbourhood of 
other stars. The chance of discovery depends on the brightness of 
the primary star. Red and white dwarfs are therefore preferred as 
primary: the probability of finding a faint companion there should be 
higher. The technique has been pioneered by Becklin and Zuckerman 
[5] but they were not the lucky guys who discovered what may be 
the first known brown dwarf; this luck fell to Nakajima et al. [51] 
who discovered G1229B. I do not know whether a line of lithium has 
already been seen in the spectrum of this star; 

• In young stellar groups the projected density of stars is much higher 
than in the general galactic field and deep R- and /-band searches 
may uncover faint red or brown dwarfs. The succesful detection of 
a lithium absorption line in several candidates in the Pleiades have 
been reported (Basri et al. [4]; Rebolo et al. [58]); see also Festin [23] 
and see a summary of several other searches for faint stars in Bouvier 
et al. [12]. Searches in Praesepe (Magazzu et al. [41]), in Taurus 
(Briceno et al. [15]) and in Ophiuchus (Comeron et al. [19]) have 
produced several candidates but these may be all T Tau stars or M- 
dwarfs; 

• After a search for very red objects in the I, J, AT— survey data of 
DENIS Delfosse et al. [22] have published three candidates with 
/—magnitudes around 18 and with colours I — J k, 3.7, J — AT « 1.6. 
Subsequent measurement of the spectrum of these stars by the Keck 
telescope around 671 nm has shown the presence of a strong Lil line 
in one of the stars, DENIS-P J1228. 2-1547: it must be a brown dwarf. 
The mass is estimated to be about 70 x Jupiter or 0.07 Mq and the 
age about 10® year (Martin et al. [45]). How reliably the mass and 
age can be estimated I do not know. Many more candidates have 
been identified in the DENIS data but they have not yet been studied 
spectroscopically; 

• An old and well established method to find intrinsically faint stellar 
objects is by looking for large proper motions. Luyten has found large 
numbers of faint stars, but never a brown dwarf. Ruiz et al. [60] have 
started such a search again with the intent to cover 400 square degrees 
(1% of the sky). Among their findings is a stellar object, called Kelu-1 
(= “Red-1” in the language of the Mapuche people in Chile) that has a 
very cool spectrum (a model spectrum with T^ff = 1900 K fits rather 
well) and the 671 nm absorption line of Li I that shows that Kelu 1 
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is a brown dwarf. Like the DENIS dwarf (but unlike G1229B) Kelu 1 
is a “free-floating” brown dwarf. 

2.4 Luminosity function 

A fundamental property of a given stellar population is the distribution of 
the stellar masses, 'k. It is easier to measure the luminosity of a star and the 
first step towards the determination of is the distribution function of the 
stellar magnitudes, that has the units pc“^ mag“^. Subsequently one 
derives 'k from <k by using the relation between luminosity and mass. It will 
be no surprise that the hardest part of the problem is the determination of 'k 
for low stellar masses: the very low luminosities make small-mass stars very 
hard to detect; the samples of these stars are incomplete and any correction 
for incompleteness is debatable. 

Figure 6 contains a compilation by Delfosse [21] of several recent deter- 
minations of <k. Figure 7 is Delfosse’s own compilation based on more data 
than had been available before and on a very careful consideration of the 
various errors that entered during the derivation of <k. A common property 
of all determinations of <k is that the function reaches a maximum around 
Afboi = 10 which corresponds to a stellar mass of about 0.2 Mq. This 
implies that most of the stellar mass is NOT in brown dwarfs. Is this the 
definitive answer? 

In a carefully written paper Fuchs et al. [25] have analysed what might 
be the mass density of brown dwarfs. Their answer is hesitant because 
there are still few data. However, it appears that the total will be below 
0.03 Mq pc“^ and this confirms the NO by Delfosse. 

3 Main-sequence stars: Debris disks and planets 

The formation of stars is the topic of lectures by Antonella Natta. I pick 
up the stellar saga when new stars arrive on the main sequence. In the 
preceding phases the new stars have acquired a disk (? is this limited to 
single stars? we do not know!) and one assumes that planets may form in 
this disk. Some main-sequence stars still carry a remnant of this disk. The 
first “debris-disk” was detected serendipitously in 1983 and the star was 
Vega = a Lyrae. 

3.1 The “Vega-effect" 

In 1983 the IRAS satellite was operational; it worked as it should, that is: 
much better than was expected. One of the tasks of the IRAS science team 
was to calibrate the signals. For the short wavelength detectors, at 12 and 
at 25 /xm, photometric standard stars were used. One of the two “royal” 
standards at optical wavelengths was a Lyrae, or Vega; because its flux is 
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Fig. 6. A collection of diagrams showing the faint end of the luminosity function 
as published by different authors; for a first look ignore the difference between 
filled and open circles. For a full reference to the details of this diagram see 
Delfosse [21]. 
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Fig. 7. The continuous line presents the faint end of the local luminosity function 
including recently detected red and brown dwarfs and as derived by Delfosse [21]. 



known so well at optical wavelengths and because model atmospheres should 
be good enough, the prediction of the Vega flux at IRAS wavelengths could 
be used as a calibrator for photometry. But the team found discrepancies 
and it soon became clear that Vega itself was the culprit: it emitted too 
much energy at 25 /xm, and perhaps also at 12 /xm. At 60 /xm the discrepancy 
was much larger. An excess over such a large range in wavelengths indicated 
that dust particles heated by the star must be the source of emission. Vega 
is unreddened and the dust particles can only cover a very small part of the 
stellar surface: a disk was indicated. Vega is a main-sequence star and not 
very old; it is much too young to have ejected gas in which dust might have 
condensed; and it would never have done so in this geometric distribution. 
The conclusion was that the Vega disk was the remnant of material from 
the time that the star formed. The Sun has such a disk, the cause of 
the “zodiacal light”, but this disk contains much less material. Thus Vega 
became the first main-sequence star next to the Sun with a “dusty” disk 
and thus, who knows, with planets, comets, asteroids (Aumann et al. [1]) 

The discovery by Aumann et al. was felt as a shock: unexpectedly and 
serendipitously astronomy had entered the epoch of the search for planets 
around other stars. From similar IRAS data a few more main-sequence stars 
were extracted with such a “remnant disk” . Interestingly, this first sample 
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of nearby main-sequence stars consisted of stars of very different spectral 
class: there were two A stars and one K star. Clearly stars of different mass 
may have a disk. 

Very strong further confirmation about the disklike distribution came 
when Smith and Terrile [66] took a coronagraphic picture of the star jS Pic 
in the /—band (near 800 nm); this early-type star had a very strong excess 
at 60 /im. The image showed a beautifully thin and flat source: a disk 
seen edge-on. Very recently, Holland et al. [31] published measurements at 
850 /xm, taken with the SCUBA instrument on the James Clark Maxwell 
Telescope on Mauna Kea of the distribution of radiation around Vega, (3 Pic 
and Fomalhaut. Disks are seen around Vega and Fomalhaut and in the latter 
case the disk has a hole: this suggests the presence of a planet. The intensive 
and varied studies of the disk around (3 Pic have given many surprises; one 
is that a planet is probably present that created and maintains the hole in 
the centre of the disk; perhaps it also produced the observed warp of the 
disk. Most spectacular is the discovery of very small absorption lines of Call 
that appear and disappear frequently, with no systematic behaviour, except 
that the large majority occurs at red shifted velocities. It is conjectured 
and generally accepted (but not proven) that such a small, faint absorption 
line appears each time after a comet has fallen onto the star. 

Disks and bipolar jets are a common feature of very young stars. A very 
picturesque discovery has been that of remnant disks seen not against the 
black sky but against the brightness of an HII region: the “proplyds” of the 
Orion nebula (O’Dell et al. [48,52]). These objects are really the subject of 
the course of Antonella Natta and I will skip their discussion here. 

3.2 The discovery of planets 

The next big discovery was the detection of bodies of substellar mass around 
other main-sequence stars through the detection of a very small Doppler 
effect in the spectra of a few main-sequence stars (Mayor and Queloz [47]; 
Marcy and Butler [42]): see Figure 8. The sinusoidal variation in the stellar 
radial velocity is expressed in meters per second, about the speed of a TGV 
(Train Grande Vitesse) and at least 100 x smaller than the Doppler effects 
measured in spectroscopic binaries. The shift is interpreted as the reflex of 
the star around the barycenter of star plus planet (s). Other explanations 
for variable Doppler shifts have been suggested but seem to have lost their 
validity. The list of stars with planets is continuously growing and every few 
months there is a conference somewhere in the world where newly detected 
planets are made public. So far only large Jupiter-mass planets have been 
discovered; small Earth-mass planets are still below the detection limit. In 
each case there is only one planet known. In 1999, while finishing the write 
up of these lectures it was announced that the star v And has at least two 
planets. The website http://www.obspm.fr/darc/planets/encycl.html has 
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Fig. 8. Radial velocity variations of the main-sequence star r Bootis. This is a 
copy of Figure 3 in Butler et al. [16]. 



recent updates of all planets detected so far; there are other websites as 
well. 

In all known cases the massive planet is much closer to its star than 
Jupiter to the Sun. This poses some problems because in theories about 
the formation of the solar system it is assumed that in the solar system and 
near the rocky inner planets (from Mercury to Mars) the high temperature 
prevented the large accumulation of gas that makes the outer planets so 
massive. 

The detection of planets via Doppler variations of the stellar radial ve- 
locities has its counterpart in the detection of the motion of the star in 
the plane of the sky. (In reality the ellipsoidal motion is observed together 
with the stellar parallax - a reflex of the motion of the Earth around the 
Sun- and with the proper motion of the star and its planet.) The detec- 
tion of this ellipse and the correction for parallax and proper motion is 
the domain of astrometry, a field that has been at a standstill for several 
decades but whose significance is now increasing rapidly since we know that 
measurements from satellites (Hipparcos being the example) may bring the 
improvement of accuracies to milliarcseconds and below. Space interfer- 
ometers are foreseen; these also offer the hope that we may detect planets 
directly by separating star and planet effectively. Obviously we should then 
look at these planets at infrared wavelengths. 
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The discovery of planets around main-sequence stars has been preceded 
by the detection of planets around pulsars, a phenomenon that remains a 
puzzle: why on Earth should planets form in such a harsh environment? 
Well, I leave the planets of pulsars aside: this is a topic outside of these 
lectures. 

3.3 Remnant disks as observed by ISO 

Let me use the opportunity and briefly discuss some of the results from one 
specific and large programme in the guaranteed time of ISO that was meant 
to detect with ISO and like IRAS, more remnant disks. The programme 
was carried out by a large consortium of which I am the PI. (There have 
been other, somewhat similar programmes, but ours was certainly one of 
the largest and I know the other programmes less well.) The goal was set 
after some reflection on the IRAS data: while IRAS had given several well 
confirmed detections of dusty circumstellar disks and opened the held, it 
had not disclosed what the systematics were of the “Vega-phenomenon”. 
Therefore we decided to measure first of all the 60 /xm flux from main- 
sequence stars bright enough that we always would detect the emission 
from the photosphere. We thus selected main-sequence stars with spectral 
type between A and K with a predicted flux at 60 /xm > 40 mJy. We tried 
to exclude double stars (plenty of those) and variables (none). Because the 
spectral energy distribution of main-sequence stars appears to form a one 
parameter family, it is easy to predict the 60 /xm magnitude from the B— 
and V— magnitudes; a useful equation, including a polynome of the third 
degree has been given by Piets and Vynckier [55]; see also Waters et al. [74]. 

The goal was to measure the fluxes at wavelengths between 25 and 
200 /xm of this sample with ISOPHOT. In the end we have good mea- 
surements of the fluxes of 84 stars at 25, 60 and 170 /xm. More than 50% of 
the stars younger than about 400 Myr have a disk and only 8% of the older 
stars: most disks disappear on a time shorter than 1 Gyr. But not all disks 
disappear: we have one G2V star with an age about equal to that of the 
Sun, that has a rather strong disk (HD 207129) [35]. These results invoke 
a few questions: why do most disks disappear in such a short time scale? 
Are planets the cause or could there be an external cause, e.g. through the 
evaporation by a nearby O star? Why has HD 207129 been lucky? Well, 
there are as yet no answers to these simple questions. 

Three final points: (1) The spectral energy distribution of the solar-like 
star HD 207129 is shown in Figure 9 that is taken from a paper by Jourdain 
de Muizon et al. [35]. It emits remarkably little radiation at 12 and at 
25 /xm. We call this “remarkably” , because almost any disk model will give 
you more emission at these wavelengths. Our conclusion is that there is 
no warm dust: there must be a hole in the disk with a diameter about 
equal to that of Neptune’s orbit. This is interesting but there is more: 
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Fig. 9. The spectral energy distribution over optical and infrared wavelengths 
of HD 207129. The individual symbols represent measured values. The curve 
through the points below 20 /rm belongs to a model atmosphere as calculated by 
Kurucz. Notice how closely this model follows the observations below 20 /rm. 



if one builds a dynamical model for the disk, and takes into account the 
secular motion of the dust particles through the disks under the influence of 
the Poynting-Robertson effect and of radiation pressure, it follows that the 
hole in the middle fills up in a few million years. Since the star is almost 
1000 X older, the hole not only needs to be made but also to be maintained. 
And this suggests the presence of a planet. (2) Do stars with planets have 
other deviant characteristics, e.g. abundance anomalies? This is not clear; 
stars are known that have a shortage of the elements that one finds in 
interstellar dust. Whether stars with planets have those types of anomalies 
is not known, I think, but they might. (3) It seems that some yellow giants, 
evolved stars, carry a disk (Piets et al. [56]): this disk will have survived the 
main-sequence life time of the star. What we do not know is the amount 
of matter in this disk. Are these disks as fat as those in the main-sequence 
stars, e.g. around HD 207129? Or are we seeing the outer parts of the disk, 
parts that we did not see in the main-sequence stars, because giant stars 
emit so much more energy and heat so much more disk material? 
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4 Red giants 

The infrared radiation of main-sequence stars is predictable and of little 
interest, except, as we have seen, in the cases of the M-dwarfs, the brown 
dwarfs and of the main-sequence stars with a Vega-like excess. Stellar in- 
frared emission becomes interesting again after the star has left the main 
sequence and has become a red giant. Red giants are very cool and very 
luminous and during the last phases of their evolution they are surrounded 
by cool envelopes that contain dust particles. These particles reemit the 
stellar radiation at infrared wavelengths often with the peak of the emission 
between 10 and 20 ^m. 

In any volume of space there are only a few red giants compared with 
the number of main-sequence stars: when a star leaves the main sequence 
it has very little fuel left and it lives much shorter as a red giant than as a 
main-sequence star. On the other hand, a star may be a few thousand times 
more luminous as a red giant than previously and thus a star is discovered 
as a red giant out to much larger distances. Red giants have lived as main- 
sequence stars between a few hundred Myr to several Gyr and thus the red 
giant population of a galaxy will give information on the star formation 
history that long ago. Whether we can actually read this history from the 
red giants that we see, depends on our understanding of them. I therefore 
will discuss what we know about these stars and, in as far as that is possible, 
what we do not know. 

4.1 Basic properties of red giants: RGB and AGB stars and later episodes 

Red giants are stars with a high luminosity and a very large and therefore 
cool surface: their radiation is strong at red and near-IR wavelengths. The 
most luminous of these giants are called red supergiants; they are very rare 
and I will not discuss them here. To give you an indication I assume that 
the boundary between red giants and red supergiants is near 30 000 Lq. 

The structure of red giants differs in a fundamental way from those of, 
say, main-sequence stars (or red supergiants). They have a hybrid structure: 
a small core surrounded by an enormous mantle, a difference in diameter 
of the order of 25 000; core and mantle contain comparable (say: within a 
factor 3) amounts of mass. Consequentely the density in the core is roughly 
10^^ X that in the mantle. The electron gas in the core is degenerate, i.e. 
the distribution of the momenta of the electrons is not maxwellian but close 
to a Fermi distribution. There is a sharp transition from core to envelope. 

Red giants radiate energy that is created by hydrogen burning at the 
outside of the core. The luminosity is more or less proportional to the mass 
of the core. Because this mass grows all the time, the luminosity of the star 
rises quickly, even exponentially, with a time constant of the order of 10^ yr. 

One recognizes two different kinds of red giants: red-giant-branch stars. 
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or RGB stars, and asymptotic-giant-branch stars or AGB stars. These terms 
have to be explained, as so much terminology in astronomy, by their history: 
in the beginning of this century when Hertzsprung and Russell drew the first 
diagrams that are named after them, they noted that almost all stars lie 
in a thin strip diagonally through the diagram: the main-sequence. But 
there was also a thinly populated branch of red giants that turns off the 
main-sequence: the red-giant-branch, or RGB. More than one half century 
later a second, distinct branch was found extending to higher luminosity, a 
branch that seemed to approach the RGB asymptotically: the AGB. 

RGB and AGB stars have a similar structure: a core and a mantle. 
There are, however, two fundamental differences in the mass and in the 
composition of the core: the mass of the AGB core exceeds that of the 
RGB star; in RGB stars the core consists of helium nuclei and in AGB 
stars of carbon and oxygen nuclei surrounded by a “coating” of helium. 
RGB stars develop from main-sequence stars and the helium in their core 
is the debris of the hydrogen burning on the main sequence; AGB stars 
develop from RGB stars after the helium core has been burned into carbon 
and oxygen. Both RGB and AGB stars burn hydrogen into helium at the 
border of their core; because the core mass grows because of nuclear fusion, 
the luminosity of both RGB and AGB stars grows continuously. There is 
a maximum luminosity for both RGB and AGB luminosities although for 
different reasons. 

The RGB luminosity is limited to a maximum of about 2500 Lq, because 
a helium core with a degenerate electron gas has a maximum possible mass. 
When this maximum is reached the core collapses, the degeneracy of the 
electron gas is lifted and the triple-a process starts burning helium into 
carbon and oxygen; during this rather quiet phase the star is on the so- 
called Horizontal Branch at a luminosity of a few hundred Lq. 

When the helium core has been converted the star develops again into 
a red giant, now called an AGB star. In an AGB star the core is made 
of carbon and oxygen nuclei; it is also more massive than the helium core 
before the collapse and thus the star has a higher luminosity than a RGB 
star. Again the luminosity has a maximum, but in this time because of a 
very different process: mass loss. Mass loss removes all the hydrogen that 
surrounds the core. When very little hydrogen is left the very hot core will 
ionize all that: a planetary nebula is born. The ionized material expands 
into space after a very brief time, of the order of 10"^ year. Then only the 
core remains; it is now a white dwarf that cools and slowly fades away. 

Although the internal structure of RGB and AGB stars is globally sim- 
ilar, there are a number of différencies: First, long-period variables, in any 
case the Miras and OH/IR stars among them, are all AGB stars: their lu- 
minosities exceed the RGB luminosity limit. Mass loss is associated with 
these large amplitude pulsations. It is likely that the pulsations are the 
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consequence of the much higher luminosity and their somewhat cooler sur- 
faces: the gravitational attraction at the surface of the star is low and the 
stars are close to a kind of Eddington limit (Han et al. [27], Wagenhuber and 
Weiss [73]). Whether all luminous AGB stars are LPVs is not yet firmly 
established: the story is probably more complicated than what I can tell 
you here. 

Mass loss leads to the strongest difference in appearance between RGB 
and AGB stars. In the matter flowing out of the star dust particles are 
formed that absorb stellar photons and convert those into infrared photons. 
When the mass loss is high (more than, say, 10“® Mq/yt) all the stellar pho- 
tons are absorbed and the star becomes undetectable even at near-infrared 
wavelengths. Energy is not lost and the star reappears at wavelengths above 
7 /xm; the spectral maximum changes from 1 to 10 /xm. See Figure 10. 

A second peculiarity of AGB stars are the “thermal pulses”; acronym: 
TP. An AGB star burns hydrogen into helium; the helium forms a coating 
around the oxygen/carbon core. When the coating becomes too thick the 
helium will burn into carbon and oxygen in a short time, of the order of 
a few hundred years. During this event the luminosity is increased by a 
significant factor. Thermal pulses are supposed to mix newly produced 
atoms with the material in the convective mantle of hydrogen; ultimately 
these new elements may reach the surface of the star and change the atomic 
composition of the atmosphere. The most drastic change is the conversion of 
a star with more oxygen than carbon in its atmosphere into one with more 
carbon than oxygen, a so-called carbon star. Stars are all born with an 
excess of oxygen and carbon stars are thus the consequence of an evolution 
that this star went through. More than 100 years ago, when spectroscopy 
was a brand new tool carbon stars were already recognized as a separate 
class. The insight in how carbon stars form is perhaps 25 yr old. These 
stars are now intensively studied: precisely what stars develop into carbon 
stars: what is there main-sequence mass, what is their initial metallicity? 
How can one explain why the Small Magellanic cloud has so many G-stars 
relative to its population when the interior part of our Galaxy has perhaps 
none? 

There are several other, more modest abundance changes. Interesting 
elements are technetium and lithium. Technetium is interesting because the 
nucleus is not stable: the longest lifetime of its isotopes is of the order of 
200 000 yr: the presence of technetium lines in a star is a sure indication that 
some material was dredged up within this relatively short time. Lithium 
is interesting for another reason: lithium atoms are all destroyed in the 
nuclear burning zones of a given star but a process is known that forms new 
lithium and may operate during a thermal pulse; under somewhat special 
circumstances and during thermal pulses these new nuclei may reach the 
stellar surface. We lack insight, theoretically and observationally, on how 
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Fig. 10. Spectral energy distributions of stars with dusty circumstellar envelopes. 
The optical depth, r, of the envelope increases from one diagram to the other; the 
star with the lowest value of r is left and up; that with the largest is down and 
right. Notice how much the peak of the SED shifts to longer wavelengths when r 
increases. The original figure may be found in work by Bedijn [6]. 
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much of the newly produced lithium reaches the stellar surface. 

An interesting category of stars are those now called post-AGB stars: 
stars in the short episode that the star is no longer an AGB star and not 
yet a planetary nebulae. I refer to review paper by Kwok [39]. 

All of what I said here you may find back in standard books on stel- 
lar evolution. I always use Kippenhahn and Weigert [37] and Hansen and 
Kawaler [28]. If you want a more global, less detailed overview read the 
text of the Henry Norris Russell lecture by Iben [34] ; it includes also a very 
useful overview of the evolution of binaries. 

4.2 Recent calculations of stellar structure and stellar evolution 

In recent years we have seen the results of many new, extensive calculations 
of stellar structure and stellar evolution ( “an industry” ) . This has led to the 
classification of single stars into three classes: (i) massive stars (M* > 7 Mq) 
that do not become RGB nor AGB star because their high mass prevents 
electron degeneracy and thus the formation of a very small and dense core; 
these stars develop into supergiants; (ii) intermediate mass stars (7 > M* > 
1.5 Mq) that do not form a degenerate helium core and remain close to the 
main sequence until they form a degenerate core of carbon and oxygen: they 
do not become RGB stars but they become AGB stars; and (iii) low-mass 
stars (1.5 Mq > M*) that become first a RGB star and then an AGB star. 
These limits change somewhat from one author to the other. Stars with a 
mass M <0.8 Mq have a main-sequence life time longer than the age of 
the Universe and the discussion of their post-main-sequence phase is fully 
academic. Further information on models of stellar structures is given below 
when “synthetic model evolutions” are discussed. 

The most important limitation in the calculations is caused by the im- 
portance of convection and the inability to calculate correctly its effects. A 
truly fundamental ( “ah initio”) theory of convection is missing and more or 
less “practical” or “common sense” rules have been adopted. The rules lead 
to acceptable results and are therefore tolerated; but of course they cannot 
be trusted fully. This has as a result, for example, that one cannot calculate 
with sufficient precision the mixing of nuclei thad formed newly deep inside 
the star and with from the outer parts. What stars become carbon stars 
remains uncertain. Observations are needed to find the right answers. 

A third problem is the following: the evolutionary tracks are based on 
static structures: this approximation is valid because evolution is slow com- 
pared to the dynamical time scale of a star. However, towards the end of 
the AGB the star becomes so luminous that light pressure could become a 
dominant force if the matter is sufficiently intransparant. At about the same 
time most (not all?) AGB stars turn into long-period variables; the cause 
for this change into variability may be connected with the high luminosity. 
Thus the atmosphere is no longer static and becomes dynamic. One effect 
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is that the atmosphere becomes very extended. Observations tell us that 
then mass loss sets in. The gas-dynamical modelling of these pulsations is 
still beyond our computational means and there is no hope that this will 
soon be over. 

4.3 Ab-initio models of the evolution of AGB stars taking mass loss into 
account 

It still is very difficult to model this phase of rapid mass loss. The most fun- 
damental but also very ambitious approach to solve this problem has been 
undertaken by Sedlmayr from Berlin and his collaborators and students. It 
has become a programme that stretches out over at least 10 years and is still 
not complete; in fact most efforts have been spent on carbon stars, leaving 
aside the equally important class of M-type stars (also called: “oxygen-rich 
stars”). Sedlmayr and his crew have been alone for many years but a few 
years ago a similarly large and ambitious programme has been started by 
Dorfi and company in Vienna. For the time being it seems that the results 
obtained independently by each group agree (Hofner et al. [30]). This makes 
it likely that the results are not the product of numerical errors, but are 
intrinsic to the equations and boundary conditions assumed. 

The state of the art in modelling the region of outflow is shown in the 
model by Winters et al. [76] that describes the atmosphere and the envelope 
of the carbon star AFGL 3068. The model star is defined by a number of 
input parameters: mass = 1 Mq; luminosity = 10^ Lq, = 2200 K; 
the carbon-to-oxygen ratio (in number) = 1.38. The pulsation is assumed 
to have a period of 696 days and an amplitude of 8 km s“^ at the inner 
boundary of the model. (Because these pulsations are introduced explicitely 
in the calculations this assumption means that even these elaborate models 
are not fully self-consistent or, in other words, have not been calculated 
ah initio.) After this assumption the equations of radiation transport, the 
formation of molecules and of dust particles and the gas dynamics are all 
solved simultaneously. The authors then find a mass loss rate of 1.2 x 
10~'^ Mq yr“^ and an outflow velocity of 14.7 km s“^. These values agree 
with what is measured on average for objects like AFGL 3068. In principle 
it is now possible to calculate the further evolution of the star by repeating 
the calculations for many subsequent time steps; for the moment however, 
such a mass production of model envelopes takes too much computer time. 

4.4 "Synthetic" models of the evolution of AGB stars taking mass loss into 
account 

Before discussing and interpreting the observations a thorough scientist 
should wait for the final results of Sedlmayr et al. and of Dorfi et al. on 
the mass loss rate for carbon stars and oxygen-rich stars. Luckily there 
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are less thorough scientists without this patience: a number of “half-way” 
or “synthetic” models have been published, in which the mass-loss rate de- 
pends on one or two free parameters. The values of these parameters are 
derived by fitting model predictions to observed quantities; for example the 
distribution of white dwarf masses that emerge from a given input popula- 
tion of main-sequence stars; or on the number and the luminosities of the 
carbon stars from this input population. Having assumed the mass-loss 
history, one can then calculate how the star will appear in the course of 
time. The oldest theories that predict the history of AGB stars during the 
mass loss phase are by Bedijn [7] and by Bowen and Willson [13]. More up- 
to-date models that make use of very large numbers of stellar models are by 
Vassiliadis and Wood [71], by Blocker and Schonberner [9,10] and by Marigo 
et al. [43,44]. It is not at all obvious to me which of these models is the 
best. Let us take a brief look at the model by Vassiliadis and Wood [71] 
(=VW). 

The VW-model consists of a series of successive calculations of the struc- 
ture of a star of given intial mass and abundance. VW consider a range of 
initial masses between 0.89 and 5.0 Mq and abundances between 1 and 
l/16x the solar values. They calculate the luminosity and temperature 
variations during a thermal pulse. Abundance variations during a thermal 
pulse and the associated dredge-ups are not included. Up until this point 
the calculations are standard and contain no or little news. The fundamen- 
tally new aspect is a rapid loss of matter during the AGB-phase; this loss 
dominates the further evolution of the star. The weak spot of the study is 
also here: we know only little about the factors that determine the mass-loss 
rate. Large pulsations are probably a major factor; high luminosity together 
with a low gravitational acceleration at the stellar surface are probably im- 
portant. Is dust formation important, i.e. do the abundances of heavy 
elements influence the mass-loss rate? 

In Figures 11 and 12 some of the results of Vassiliadis and Wood are 
displayed. 

The various diagrams in each figure show how the basic parameters of 
late-AGB stars vary with time; the effects of the thermal pulses are clearly 
seen. The one but lowest diagram in both figures shows how the stellar 
mass decreases: both stars end their existence as a white dwarf of about 
0.6 Mq. The lowest diagram shows the variation in the mass-loss rate: for 
the star with a low initial mass the mass is lost in discrete, short episodes; 
in the star with higher initial mass the loss occurs in an almost continuous 
fashion. 

The results of Vassiliadis and Wood differ somewhat from those ob- 
tained by Blocker or by Marigo who used other parametrisations of the 
mass-loss rate. All authors justify their mass-loss rate calculation by refer- 
ring to observational data but their mass-loss results differ considerably: the 
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Fig. 11. The variation with time of parameters that describe an AGB star with an 
initial mass of 0.95 M©; these parameters are, successively, effective temperature; 
luminosity, pulsational period, expansion velocity of the outflow of material, the 
momentary mass and the mass-loss rate. 



observations do not give enough constraints on the process. Model calcu- 
lations of the mass-loss rate, see the section above, are still in a state of 
infancy. Here we meet the boundary of our knowledge. 
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Fig. 12. The variation with time of parameters that describe an AGB star with an 
initial mass of 5.0 M©; these parameters are, successively, effective temperature; 
luminosity, pulsational period, expansion velocity of the outflow of material, the 
momentary mass and the mass-loss rate. 
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How and when we will cross the border are open questions. 

4.5 And what about double stars? 

We have discussed the stellar evolution of single stars. We know, however, 
that most stars are part of a multiple system. This may have dramatic 
consequences when one of the stars in this system becomes a red giant of 
considerable dimensions and when consequentially mass transfer begins to 
play a role. Theoretically these process offer many scenarios that may differ 
from e.g. the phenomenological models mentioned above. Observationally 
more and more AGB and post-AGB stars are found to be double. “Symbi- 
otic stars” , so called because the spectrum is the sum of that of a very hot 
star and of a very cool star, are canonical examples of a double star where 
one component is a red giant (RGB or AGB star) and the secondary is a 
white dwarf that is the remnant of a once more massive primary. 

For systematic calculations of the evolution of double stars see Iben 
[34]. One intriguing case (there are many more!) is the case of the “Red 
Rectangle” that will be discussed in the next section. 

4.6 The impact of new observations, especially, but not exclusively, by ISO 

AGB stars, post-AGB stars, very young planetary nebulae have received 
much attention in recent years and this interest is not yet leveling off. New 
observations are being made in the UV, in the visual, in the infrared and at 
mm and submm wavelengths. These measurements may be spectroscopic 
or imaging, and in both cases the resolution and the sensitivity continues 
to increase. These new measurements have lead to a rapid growth of our 
knowledge but they do not answer elementary questions like I posed above, 
for example: what effects does metallicity have on the evolution of a star? 
All these discoveries are very interesting by themselves although sometimes 
they appear to complicate our understanding more than to simplify them. 

In a more or less random order I now discuss a few recent developments 
that may have a strong impact on the studies of AGB stars. 

• In the evolutionary scenarios discussed above it is always assumed 
that the stars are single. In that case one naturally assumes that 
the circumstellar surroundings have a spherically symmetric geom- 
etry. Another geometrical symmetry is also often found: an axial 
symmetry consisting of a flat disk and two jets, one upward along the 
symmetry axis and the other downward. An important argument to 
assume spherical symmetry for AGB stars is the circular distribution 
of maser spots around most OH/IR stars; see Figure 13. Although 
a few AGB stars are known with a disk-and-jets structure they seem 
to be a minority. Now here is the problem: all OH/IR stars will ul- 
timately develop into planetary nebulae, and these have frequently a 
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Fig. 13. The approximate, but convincingly circular distribution of 43-GHz SiO maser 
spots found around the Mira variable TX Cam. The original figure is from Humphreys 
et al. [32]. 



disk/jets structure as follows for example from the successful mod- 
elling in recent years of the images of planetary nebulae in differ- 
ent emission lines and in the continuum emission; see for example 
Figure 14 taken from the paper by Mellema [49]. Thus at some time 
during the transition AGB^PN many objects change their geometry. 
One explanation, suggested several times but, as far as I know, never 
worked out quantitatively, is as follows: almost all the angular mo- 
mentum of the solar system is in the planet Jupiter. If similar planets 
are swallowed by the expanding AGB star the conservation of angular 
momentum may force a change of geometry from spherical to that of 
disk-and-jets; 
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Fig. 14. Two model images of a bipolar planetary nebula, on the top as seen in Ha; 
on the bottom as seen in [OIII]. The model has been calculated by Mellema [49]. 
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• There is a small class of objects (five members, see Van Winckel 
et al. [70]) of stars at high galactic latitude, with a supergiant 
spectrum and an infrared excess that turn out to be low-mass post- 
AGB stars with a very strong depletion of some elements like Ca and 
Fe; “depletion” is measured with respect to solar abundances. The 
depth of the depletion differs from element to element. Its pattern 
cannot have been produced by dredge-up effects, nor can it be pri- 
mordial. Quite surprisingly the pattern is that of the depletion of 
elements in the interstellar medium: the depth of the depletion cor- 
relates with the condensation temperature of the element. In stars 
this pattern has been found first in A Bootis stars (Venn and Lam- 
bert [72]). Its presence in the small class of post-AGB stars may give 
the key for an explanation: one supposes that atoms of elements with 
a high condensation temperature form small solid particles that are 
then driven out by radiation pressure; the depleted gas falls back onto 
the star: the abundances that we measure are valid only for a thin 
atmospheric layer around the star. 

This litterally “fail-back” solution is attractive but various important 
questions remain unanswered. Recently new properties of this class of 
objects have been discovered: all five stars are spectroscopic doubles 
with periods of about 1 yr and a quite excentric orbit. The dust disk 
is probably long-lived: the carbon-rich star HD 44179, at the center 
of the “Red Rectangle” is surrounded by silicate material, that must 
have been ejected when the star was still an oxygen-rich AGB star. 
Recently Van Winckel et al. [69] argued that these five stars share 
several characteristic properties {e.g. the depletion pattern) with RV 
Tauri variables, a class of poorly understood variables also with rather 
few members; 

• Observations with the two spectroscopes on board of ISO (SWS for 
observations below 45 /im and LWS for the longer wavelengths up to 
180 /xm) have lead to the first detection of many spectral lines and of 
various broad bands. Tsuji et al. [68] have analysed H 2 O lines around 
2.5 /im and GO 2 lines neer 4.2 /im and concluded that existing atmo- 
sphere models do not explain the band strength but a new stationary 
layer of gas at about 2R* and at a temperature of about 1000 to 
1500 K takes away almost all discrepancies. This proposition is not 
totally new; the conclusion had been drawn before from observations 
of overtone GO band observations with very high spectral resolution 
{e.g. Hinkle et al. [29]). The new data are give more direct infor- 
mation on the band and will restrain better model atmospheres. See 
Figure 15. 
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Fig. 15. Top: the spectrum of /3 Peg observed by ISO-SWS. Middle: a model 
prediction. Below: the difference “observed minus prediction” . The dashed line is 
the spectrum expected from a water-layer at 2 stellar radii and at a temperature 
of 1 250 K. The figure is a copy of Figure 1 from Tsuji et al. [68]. 



The existence of a rather warm molecular envelope close to the pho- 
tosphere and below the region where the outflow starts is a chal- 
lenge to further model atmospheres. More recent is the detection by 
Justtanont et al. [36] of a number of strong emission lines of CO 2 at 
wavelengths between 13.5 and 16.3 /im in spectra taken with ISO of 
Miras and semi-regulars; the origin of these lines is to be found in the 
same layer as proposed by Tsuji et al.; 

• There is direct evidence that the mass-loss is sometimes interrupted 
in a very short time: discrete rings of CO-line emission have been 
seen, for example by Olofsson and co-workers [54]; see Figure 16. An 
explanation that comes to mind is that a thermal pulse causes the 
interruption. If that is the case, will the star start a new episode 
of mass loss when the thermal pulse is over? Such a restart would 
thus show up in the presence of multiple shells but for that there 
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Fig. 16. A part of the very thin shell seen around the carbon star TT Cyg as 
discovered by Olofsson et al. [53] in the J = 0 ^ 1 and J = 2 ^ 1 mm-lines of 
CO. 

is no observational evidence yet. A remarkably thin shell has been 
discovered around the carbon star TT Cyg: the thickness is 1/25 of 
the radius of the shell (Olofsson et al. [53]); 

• A very promising new observational technique is the measurement of 
stellar diameters at infrared wavelengths. AGB stars such as Mira 
and red super giants as VY CMa are prime examples. Measurements 
of the same objects by different groups lead to consistent results: the 
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measurement are now reliable. Studying how the diameters change 
during the regular pulsation of the stars in different molecular bands 
should clarify much about the mode of pulsation and will establish 
the stellar properties needed to make calculations of the onset of mass 
loss. A recent example is the reconstruction of the image of VY CMa 
at optical and at near-infrared wavelengths (Monnier et al. [50]). 



5 AGB stars in our Milky Way and in the Magellanic Clouds 

We may assume that stars with an initial mass between 1 and 7 Mq will 
ultimately enter the AGB phase; this will happen after respectively 10 and 
0.02 Gyr. AGB stars are very luminous: the Sun may become 3000 x more 
luminous during its AGB phase. AGB stars thus extend into the past 
the information on present-day star burst rates that is derived from O- 
and B-type main-sequence stars and their associated HII regions. This 
important conclusion is valid only if after finding the AGB stars we are 
able to determine their ages. Is that possible? During its AGB phase a 
star increases rapidly in luminosity and during this increase there is no 
connection between age and luminosity. But perhaps an AGB star reaches 
its highest luminosity during its thermal pulsing phase and if this is true 
then the luminosity of the TP- AGB star is a first indication of its age. The 
age of a given AGB star, however, depends also on its metallicity. This 
should not discourage us: metallicity affects the kinds of AGB stars that 
one finds; for example the ratio of the number of carbon stars to that of 
M-type AGB stars appears to be a strong function of the initial metallicity. 
If we learn more about the abundance changes during the AGB phase we 
may hope to derive the metallicity of the stars. In short: AGB stars are 
promising tools to study the history of a galaxy over its last 10 Gyr but a 
fool-proof description how to use them for this purpose does not yet exist. 

There is an additional bonus in using AGB stars to study our Milky 
Way galaxy: the critical inner regions of our Milky Way are hidden behind 
thick clouds; the center itself, the radio source called “Sgr A*— West” has 
clouds with Ay = 24, or an extinction by a factor 10^° at 0.6 /xm. However 
at 2.2 /xm Ak = 2.4 and the sources appear fainter by only a factor 10. 
To study the interior regions of our Milky Way AGB stars are by far the 
best choice. It is true that there are a few “windows” in the direction of the 
galactic interior where accidentally the extinction is much smaller. The best 
known window carries the name of W. Baade, although Baade discovered 
several of them. The information derived from non-infrared stars (RR Lyrae 
variables, for example) in these windows is of great value, but the windows 
are too few and too small to obtain a good overview of the stellar populations 
in the inner Galaxy. 
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Over the last twenty years a major development in our understanding 
of galaxies has been the discovery that much more matter exists than we 
detect, called “dark matter” . This matter is needed to explain the stronger 
force of gravity than derived from the matter we see. Dark matter is needed 
especially in the halo of our Milky Way galaxy. The interior parts of our 
Galaxy seem to contain relatively much less dark matter. Another major, 
but slow and inconspicuous change in our understanding of galaxies is the 
role of infall of small galaxies to build large galaxies (“cannibalism”). The 
most striking example of such cannibalism is the Sagittarius dwarf galaxy 
falling into our Galaxy at the other side of the Milky Way (Ibata et al. [33]; 
Mateo et al. [46]). In the past similar events probably took place as well. 

Let me briefly discuss the concept of a “stellar population”. It has 
been introduced by Baade in 1944 when he detected that the red giants 
of M3I had a distribution very different from that of the blue stars. He 
thus distinguished between “population I” , the blue and younger stars, and 
“population II”, the red and older stars. A modern interpretation of the 
term “population” is derived as follows: when the gravitational potential of 
a galaxy is practically constant for several Gyrs then the stars move on fixed 
orbits. The description of the complete stellar population in a given galaxy is 
reached by counting how many stars populate each orbit. If this description 
contains clearly recognizable subgroups such a subgroup may be called a 
“stellar population” . The advantage of this more recent definition over that 
by Baade is that the stellar kinematics are taken into account: the history 
of the Galaxy is read not only in the location of the stars but also in their 
orbits. A recent example is the thesis of Sevenster [61-64]. She analysed the 
projected distribution of OH/IR stars in the inner Galaxy together with the 
distribution of their radial velocities. One major conclusion is the existence 
of a faint bar in the inner Galaxy; another result is that the distribution 
functions of the stars form a continuum and do not show clearly distinct 
stellar populations. The exception is a group of about 100 AGB stars within 
100 pc from the Galactic center: their kinematics are significantly different 
from that of other AGB stars in the same area; they may be the products 
of a cloud that fell into the galactic center (see also Sjouwerman et al. [65]) 
but could also be the products of gas directed toward the galactic nucleus 
by a bar instability. In my view this work is only beginning: a rich harvest 
is promised to us by the DENIS and 2MASS near-infrared, groundbased 
surveys and the results from the ISOGAL survey that has been carried out 
at 7 and 15 /xm with the ISO satellite. 

Because the oldest AGB stars are at most 10 Gyr old they do not inform 
us about, for example, the structure of the galactic halo. However the galac- 
tic bulge shows up in AGB stars. Another puzzling result is the absence 
of OH/IR stars in the outer Galaxy; they probably are replaced there by 
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carbon stars (Blanco [8]; Habing [26]; Blommaert et al. [11]): the result of 
a lower metallicity in the outer regions of our Galaxy? 

I just quoted mainly articles with which I myself have been associated; 
I justify this by stating that our derivation of the distribution function of 
our stars not only in x but also in v, is one distinct step further than all 
previous analyses that have looked only at the spatial distribution of the 
stars, that in x. To restore the balance I hasten to say that other groups 
have done much more work on the properties of the stars in the inner Milky 
Way galaxy. To mention two such groups: the one at Gape Town (Gatchpole 
et al. [17]; Whitelock et al. [75]), the group at Ohio State University (Frogel 
et al. [24] and Ramirez et al. [57]). 

Many studies of AGB stars in small satellite galaxies of our Milky Way 
have been carried out; the pionering work in the seventies by McGarthy, 
Blanco and Blanco has had lasting results; they were the first to notice the 
absence of carbon stars in the inner Galaxy and their high abundance in 
the Magellanic Glouds, especially in the Small Gloud. Recently the DENIS 
survey has covered both Magellanic Glouds in /, J and K and the analysis 
of the data will probably give a first complete census of the AGB stars 
there; tens of thousand of AGB stars have already been found. Several other 
interesting studies are underway that use ISO data; I refer to the proceedings 
of a conference dedicated to ISO results in November 1998 (The Universe 
as seen by ISO, edited by P. Gox and M. Kessler, ESA-SP427, 1999). 

Finally I draw attention to the contributions of AGB stars to integrated 
spectra of distant galaxies; those, it will be no surprise, are noticeable at 
wavelengths above a few microns (Bressan et al. [14]). Lançon et al. [40] 
discuss specific spectroscopic features that identify the presence of AGB 
stars in other galaxies. 

6 Concluding remarks 

The infrared region of the electromagnetic spectrum (say, A > 1 fj,m) has 
become an essential part of the spectrum for stellar studies: some stars emit 
almost all of their radiation there (brown dwarfs, M-dwarfs and red giants 
with or without dust envelope) and dust clouds may extinguish all the light 
but they will affect the infrared radiation only by acceptable amounts. 

After many years of searching in vain bona fide brown dwarfs have been 
found in recent years; more than one detection technique appears to work 
and we will soon have large enough samples for statistical studies of their 
properties. These brown dwarfs are very cool and their atmosphere is dom- 
inated by molecular absorption. Modelling these atmosphere is a rapidly 
growing art. The same is true for the faintest M-dwarfs. 

Other main-sequence stars (O through K) are not very interesting at in- 
frared wavelengths unless circumstellar matter is present in sufficient 
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amount. Out of the stars with spectral type between A and K only the 
very young ones have an infrared excess that comes from the disk that is a 
remnant of their pre-main-sequence times. 

Infrared emission becomes dominant in stellar spectra during the very 
last phases of existence, the AGB phase and what follows: post-AGB and 
planetary nebula phase. Mass-loss is an important factor in transforming 
the photons with on average a wavelength of about 1 /xm to photons with 
on average a wavelength of 10 to 20 /xm. In any stellar population with 
a constant birth rate AGB stars are a small minority, but they are very 
luminous and very red, and the infrared part of an integrated spectrum 
should show clearly the presence of the AGB population. If one succeeds in 
identifying the luminosity of individual AGB stars one obtains information 
about star bursts in the past, extending into the past up to a few Gyr 
beyond the bursts reported to us by O- en B-type stars. 
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1 Introduction 

In these lectures, I discuss the main phases of the process which starts with 
the collapse of a molecular core and ends with the formation of a star and, 
possibly, of planets. Mostly, I will use simple theoretical arguments, which 
provide the framework for the understanding of the various stages that cur- 
rently go under the definition of star formation. In some cases, I will describe 
briefly the observational techniques and results that have contributed to our 
knowledge of the processes in question, with particular emphasis on the ISO 
contributions. This order, z. e. from theory to observations, has been chosen 
mostly for heuristic purposes. In reality, often observations have preceded 
and motivated theories, rather than vice-versa. 

Star formation is by now a very broad held, and the choice of topics in 
these lectures reflects my own preferences and biases. I have concentrated 
on discussing the formation of single, low-mass stars, because this is the 
area where consensus exists, at least on several points. I have not discussed 
the formation of binary stars, nor the effects that companions may have on 
the evolution of circumstellar disks. I have entirely neglected what today 
are probably the most exciting areas of research, namely the formation 
of high-mass stars, and their effect on the surrounding matter, and the 
formation of groups of stars and clusters. This in part because of time 
and space constraints and in part because our understanding is still only 
scattered. Finally, I do not discuss the interactions of the newly forming 
stars with their environment. This includes jets and outflows and the shocks 
that they produce when impinging on the surrounding matter, as well as 
the effect of UV photons from massive stars on the associated molecular 
gas. In both cases ISO observations, especially those obtained with the two 
spectrometers SWS and LWS, are providing new and interesting results, 
which are discussed in the lectures by Pierre Cox in this same volume. 

The organization of these lectures follows a roughly temporal sequence. 
First, I will review the properties of molecular cores and discuss their col- 
lapse, leading to the formation of an accretion disk and of a central stellar 
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core, rapidly accreting mass, the so-called protostar. I will then summarize 
some aspects of the evolution of the central star after this main accretion 
phase is over. At that point, the star goes through its pre-main-sequence 
phase, during which it is supported by gravitational contraction. The pre- 
main-sequence phase ends when the star reaches the zero-age main sequence 
(ZAMS), i.e., when hydrogen burning at the center provides a significant 
fraction (usually 50%) of the stellar luminosity. A large fraction of my time 
will be spent in discussing circumstellar disks and their properties. Finally, 

1 will talk about disk evolution with time, with particular emphasis on those 
aspects more directly related to planet formation. 

There are a number of excellent reviews and books where one can find 
not only a more detailed discussion of several of the topics covered in these 
lectures but also very good, updated reviews of those not covered. Among 
them, the recent book by Hartmann (1998) on Accretion Processes in Star 
Formation, the proceedings of the ASI school on Star Formation, held in 
Crete in May 1998 (Lada and Kylafis 1999) and of the IV Conference on 
Protostars and Planets (Santa Barbara, July 1998; Mannings et al. 1999). 
Finally, let me point out that I have chosen to quote in most cases recent 
review papers, rather than individual research ones. My motivation is to 
provide the students with a shorter and easier list of references. However, 
in this way I do not give proper credit to many authors whose work I am 
using and who have contributed greatly to this field, and I need to apologize 
for that. 

2 Collapse of molecular cores 

2.1 Giant molecular clouds and cores 

Stars form currently in our Galaxy at a rate of 3 ± 1 Mq yr“^ (Scalo 1986). 
They form inside Giant Molecular Clouds (GMCs), large condensations of 
cold gas and dust which contain more than 50% of the interstellar matter 
in the Galaxy (Mqmc ~ 3 x 10® Mq; Combes 1991). Typical properties 
of GMCs are summarized in Table 1 (see Blitz 1987; Heiles 1987; Crutcher 
1999). 

It was soon realized that GMCs cannot form stars at the free-fall speed 
(Zuckerman and Evans 1974). If we consider that GMCs in the Galaxy 
contain about 3 x 10® Mq, and that the free-fall time for gas at density 
n ~ 100 cm“^ is (Spitzer 1978): 

tg = 3.4 X 10^ n"° ® yr = 3.4 x 10® yr (1) 

we see immediately that the free-fall collapse of GMCs would produce stars 
at a rate of 1000 Mq i.e., 300 times more than observed. 

The solution of this apparent puzzle came when it was realized that 
GMCs are very inhomogeneous, and are supported against collapse by 
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Table 1. GMCs properties. 



MASS: lO-^-lO® Mq 
SIZE: 10-100 pc 
MEAN DENSITY: 100 cm"3 
TEMPERATURE: 10 K 
SOUND SPEED: 0.2 km s"i 
MAGNETIC FIELD: <10 ^iG 
DUST/GAS: 0.01 (in mass) 



highly supersonic, turbulent motions. When observed with increasing spa- 
tial resolution, one observes all size scales down to the resolution limit. The 
smallest “units” that are gravitationally bound are often called cores, and I 
will use this definition in the following. The core’s velocity field is (almost) 
thermal. The properties of cores are summarized in Table 2 (see, for exam- 
ple, Wilson and Walmsley (1989) and Evans (1999) for a discussion of core 
properties and Crutcher (1999) for the most recent summary of magnetic 
field observations). 



Table 2. Core properties. 



MASS: few Mq 
SIZE: 0.1 pc 

ELLIPTICITY: ~ 2 (possibly prolate) 
MEAN DENSITY: lO"* - 10^ Ha cm"3 
COLUMN DENSITY: lO^^ cm-2 
TEMPERATURE: 10 K 
MAGNETIC FIELD: ~ 10 - 50 ijlG 
IONIZATION FRACTION: ~ lO""^ 



It is generally believed that low-mass stars (one or few) are formed by 
the collapse of such molecular cores. 

2.2 Conditions for collapse 

Let’s consider the idealized case of a uniform, spherical core of mass M, 
radius R, volume density n, mass density p, temperature T. The core gas 
has a turbulent velocity Wturb and some rotation, with rate Cl. B \s the 
intensity of the magnetic field. 
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The core is supported against its own gravity by the sum of the thermal, 
turbulent, rotational and magnetic energy. Gravitational collapse is possible 
only if: 



|Agr| > ifth + Aturb + ^rot ^mag (2) 

where: 

Gravitational Energy: 



Egr — 



3 

5 



GM^ 

R 



Thermal Energy: 



E„. = lNkT=l 



M 



kT 



Turbulent Energy: 

1 2 

Æ'turb = 2 ^ "^turb 

Rotational Energy: 

Æ^rot = i 

5 

Magnetic energy: 



f] — 

i^mag - 



B^dV= - 



( 3 ) 

( 4 ) 

( 5 ) 

(6) 

( 7 ) 



where /i is the mean molecular mass per particle, which is 2.4 in a fully 
molecular cloud with 25% helium mass fraction, and mn = 1-67 x g. 

The numerical factors in equations (3-7) will be somewhat different for 
different core geometries. 

Let us suppose that magnetic, rotational and turbulent energies are neg- 
ligible in comparison to the thermal one. Then, by balancing Eg^ and Eth, 
we recover the well known Jeans critérium, namely that a homogeneous, 
spherical cloud of mass M, density p and temperature T will collapse under 
its own gravity if: 



where we have expressed the Jeans mass Mcr,th as a function of T and of 
the number density n = /9/(/imH), which are the most commonly observed 
quantities. 
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If we also include in the stability criterion rotational energy, we derive 
for the critical mass Mcr,rot the following expression: 



M > Mcr.rot 



Afcr,th 







AttGp j 



3/2 ’ 



(9) 



If we consider the stability criterion for a core where gravity is balanced by 
magnetic energy, we find: 



M > Me- 



^ /A 

SttV 2G 



IM© 




R y 
0.1 pc J 



where d» is the magnetic flux {^ = tt B). 

A typical core, with properties as given in Table 2, has: 



( 10 ) 



Mer.th 1 M©. (11) 

If its mass is M ~ few M©, the core cannot be supported by its thermal 
pressure alone and will collapse {i.e., it is thermally supercritical). Rota- 
tion has been searched for in many cores (Goodman et al. 1993; Ohashi 
et al. 1997) and the rotational energy has been found to be negligible when 
compared to gravity. 

Magnetic fields in dense cores are difficult to measure and poorly known 
(Crutcher 1999). At present, no clearly magnetic subcritical core {i.e., with 
M < Mcr,mag) has been found. On the other hand, no clearly magnetic su- 
percritical case is known either. Many authors think that, in fact, molecular 
cores are supported against gravity by magnetic field, and that they can col- 
lapse only after magnetic field has been substantially reduced (Mouschovias 
1987; Shu et al. 1987). The most likely dissipation process is ambipolar 
diffusion (Spitzer 1978). In a mostly neutral medium, the magnetic field, 
which is frozen to the ionized particles, drifts together with them through 
the neutral gas. Ambipolar diffusion may dissipate the magnetic field on a 
timescale ^ad ~ 5 x lO^^Xe yr where Xe is the ionization fraction. In cores 
Xe ~ lO”"^ (Langer 1985; Caselli et al. 1998), and ^ad ~ 5 x 10® yr. Since 
the free-fall time for n ~ 10® cm“® is ts ~ 10® yr, it is tAo/tff 1- Ac- 
cording to this view, cores can collapse only after a time Iad has elapsed. 
However, there are authors who strongly disagree with this scheme, and 
believe that magnetic field has no role in the core collapse (Nakano 1998). 

Velocities are easily measured in cores from the width of molecular lines, 
and are found in many cases to be much larger than the thermal velocity 
(turbulence) and large enough to prevent collapse. However, there are also 
many cores (with no evidence that a star has already formed in their cen- 
ter) with close to thermal linewidths (Myers and Goodman 1988). If turbu- 
lent motions have a purely hydrodynamical origin, they will dissipate in a 
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sound-crossing time {i.e., in a free-fall time; see Nakano 1998), and all the 
cores presently identified may collapse to form stars. Turbulence may be 
related to magnetic fields, if, as proposed by some authors (see, for example, 
Arons and Max 1975), the non-thermal line widths are caused by hydromag- 
netic wave propagation. Alfvén waves were supposed to have a decay time 
much longer than tg. However, recent numerical simulations (Gammie and 
Ostriker 1996; Stone et al. 1998) have found dissipation times close to tg, 
so that the possibility that hydromagnetic waves support the cores is very 
uncertain. 



2.3 Free-fall collapse 

Let us now assume that thermal, magnetic, turbulent and rotational support 
are all negligible when compared to gravity (free-fall) . 



2.3.1 Cloud collapse 



Consider a spherical core of mass M , radius R and uniform density p, con- 
tracting under its own gravity. The equation of motion is: 



d^R GM 



(12) 



and can be easily solved to derive the run of the contraction velocity with 
time (Spitzer 1978). Making use of dimensional arguments, we can write 
equation (12) as: 



R GM 

W 



(13) 



from which it is easy to derive the free-fall time {i.e., the time it takes for 
the core to collapse into a point): 



tg ~ (Gp) 



(14) 



2.3.2 Free-fall accretion 



An other case of free-fall is that of a point-like core of mass M*, which 
determines the gravitational field, accreting gas from a surrounding cloud 
at constant rate Mace- Again, thermal, magnetic, turbulent and rotational 
forces are negligible when compared to gravity. The equation of motion is: 



d^R GM^ 



(15) 



Similar dimensional considerations give: 

(GM*)1/2 



(16) 
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where, in this case, R is the distance from the center. Density, radius and 
velocity in the infalling core are related by the continuity equation: 



47t R? Vs 

so that we obtain for the density the following expression: 

Mace (GM*)-^/' iî-3/2. 

47T 

The free-fall time at any radius R is: 



(17) 



(18) 



ts ~ (GM*)”^/^ 77^/2 _ 



(19) 



2.4 Collapse of an isothermal sphere of gas 

There are many solutions to the collapse problem, which differ in the initial 
conditions they assume (Larson 1969; Pension 1969; Foster and Chevalier 
1993; Henriksen et al. 1997). Here I will discuss the collapse of an isothermal 
sphere of gas, as outlined by Shu (1977). Chandrasekar (1939) showed that 
a spherical cloud of gas close to equilibrium between thermal pressure and 
gravity tends to acquire the density profile typical of a singular isothermal 
sphere, which is given by: 



P = 



27rGi72’ 



( 20 ) 



where Cg = \ is the sound speed. 

Such a sphere, though in hydrostatic equilibrium, is unstable against 
gravitational collapse. The collapse begins at the center {ts oc After 

a short time (equal to a small fraction of ts), a small core in hydrostatic 
equilibrium is formed and starts accreting mass from a free-falling envelope 
at rate Mb.cc, which depends only on the sound speed: 



Mbcc ~ ^ 



G 



(21) 



The accretion luminosity: 



L 



acc 



G Mbcc 

R. 



( 22 ) 



is released in the shock created by the matter accreting onto the core; a 
corresponding rarefaction wave propagates outwards (inside-out collapse). 
The problem is self-similar in the variable x = R/Cgt. Figure 1 shows the 
non-dimensional velocity v/cg and density pAnGt^ as function of x (see Shu 
1977 for more details). The system has three regions: 
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Log (R/c^t) 



Log (R/c^t) 



Fig. 1. Self-similar solution of the collapse of an isothermal sphere of gas. The 
left panel shows the dependence of the velocity, in units of the sound speed Cs, as 
function of the non-dimensional radius R/cat (solid line). The right panel shows 
the non-dimensional density pi-nGt^ as function of R/cat (solid line). In both 
panels, the dashed lines show the behaviour of the same quantities in the free-fall 
case. 



• the hydrostatic core, which develops shortly after the beginning of the 
collapse. It has mass M* = Mace t, where t is the time elapsed since 
the collapse; 

• the freely-infalling envelope, with density p oc and velocity 

V oc 

• the outer envelope, quasi-static with p cx R~^ . 

The boundary between the collapsing inner envelope and the outer envelope 
is called the infall radius: 

Rini ~ Cs t (23) 

and corresponds to the rarefaction wave that propagates the collapse from 
the inside to the outside of the core. 

There has been much discussion about the applicability of the results of 
the collapse of a singular isothermal sphere to real cores. In particular, the 
criticisms have concerned the assumption of the singular isothermal sphere 
as the initial condition for the collapse. It has been pointed out that the 
density profile given by equation (20) has a singularity at iî = 0, where 
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p = oo, while the observed density profile of cores flattens at small radii 
(André et al. 1996; Ward-Thompson et al. 1999). Moreover, equation (20) 
holds strictly only if the core extends to iî = oo. However, it should be 
pointed out that in many cases observations of cores at millimeter and 
submillimeter wavelengths have resulted in density profiles p oc R~^ over 
a significant range of radii (see Evans 1999). The discussion of what is 
the most appropriate initial density profile to describe the core collapse is 
still open. In any case, the solution of the collapse of an isothermal sphere 
remains a very valuable test case for our understanding of star formation. 



2.5 Collapse of a slowly rotating core 

Although rotation cannot prevent collapse, it affects the structure of the 
collapsing core. The case of a core with a (small) constant angular velocity 
Cl has been discussed by Terebey et al. (1984), who have shown that there 
are two additional relevant scales: 



• .Rout, where the rotational velocity v = CIR equals the sound speed. 
This can be considered as the boundary between the core and the 
external medium; 

• Rc, the centrifugal radius c. 



At R < i?c, the collapse is strongly modified by the formation of a circum- 
stellar accretion disk of radius Rd ~ Rc (see Fig. 2). 

The value of Rc, as an order of magnitude, can be estimated as follows. 
An element of fluid of the cloud reached by the expansion wave at the infall 
radius Ri„f falls on the central star conserving its initial specific angular 
momentum Thus, its rotational velocity Vrot increases during the 

collapse as 



'^rot 



R 



(24) 



The rotational velocity increases faster (oc R~^) than the radial free-fall 
velocity (oc Eq. (16)). Therefore, this element of fluid encounters a 

centrifugal barrier at the centrifugal radius Rc, where Vrot = be.. 



Rc = 



n^Rf 

~GM* 



•inf 



Cs t^ = 






(25) 



An exact calculation, taking into account the fact that the central mass M* 
actually increases in the time the fluid element travels from i?i„f to Rc gives 
the correct result (Terebey et al. 1984): 



Cs t 



3 



R, 



16 



(26) 
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Fig. 2. Isodensity curves in a slowly- rotating, collapsing core. The vertical axis 
coincides with the rotation axis of the core, while the horizontal axis measures 
the distance from the rotation axis. Both spatial coordinates are in units of the 
centrifugal radius Re- 



in summary, the collapse of a slowly rotating cloud produces a structure 
which is characterized by five concentric regions: 

• in the center, an accreting core with radius i?*; 

• Ri, < R < Rc'. an accretion disk; 

• Rc < R < Rinf- a roughly spherical envelope in free-fall; 

• Rin < R < Rout- an almost static, isothermal shell; 

• R > Rout- the ambient cloud. 

For typical values of the parameters M* = 1 Mq, M^cc = 10“^ Mq yr“^, 
Cs = 0.35 km s“^, = 10“^^ s“^ (Adams et al. 1987), it is Rc = 6x 

10^^ cm (40 AU), Rini = 7.5 x 10^® cm, Rout = 2.5 x 10^^ cm. At the distance 
of the closest star-forming regions, these radii correspond to about 0.3", 37" 
and 120", respectively. The gas in the free-falling envelope (between Rinf 
and Rc) has infall velocity increasing from ~ 0.4 to ~ 5 km s“^ and density 
increasing from ~ 10® to ~ 10® cm“®. The gas in the isothermal region 
(from Rinf to Rout) is stationary and has T ~ 18 K. 
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3 Observable properties of protostars 

3.1 Evidence of in fall from molecular line profiles 

A first and basic test for the collapse theories is to detect evidence of infalling 
gas in cores. This has become possible only recently, when large single- 
dish millimeter telescopes and interferometers have allowed to measure line 
profiles of various molecular species across cores with great resolution and 
sensitivity. These observations have been used to derive density and velocity 
profile in the cores, and have been compared to the predictions of collapse 
models. 

The line profiles predicted by collapse models are easy to understand 
in a qualitative way. Let us consider a spherical, collapsing cloud, where 
the temperature decreases outward. Such a temperature behaviour is ex- 
pected in all cores where the accretion luminosity is released near the center. 
As a consequence of the dependence of temperature and density from R, 
the excitation temperature (z. e., the line emissivity) of any transition will 
also decrease outward. Two properties of collapsing cores determine the 
observed line profiles. First of all, if the line is optically thick, the outer, 
quasi-static envelope {R > Rinf, Sect. 2.5) causes a narrow self-absorption 
at the center of the line. Secondly, the velocity field in the inner, free-falling 
core is such that along any line of sight there are two points with the same 
component of the velocity in the direction of the observer. Figure 3 shows 
two such isovelocity curves, one (solid line) corresponding to velocities pro- 
jected toward the observer, the other (dashed line) for velocities away from 
the observer. If, for simplicity, we select a specific line of sight, we see that 
in a very optically thick line the emission of Point 2 is absorbed in 1, and the 
emission of Point 4 is absorbed in 3. The observer sees redhifted emission 
from Point 1 only, blueshifted emission from Point 3. Since Tex(3) > Tex(l), 
the intensity of the blue peak is larger than that of the red peak, and the 
resulting line has the typical asymmetric profile shown in the figure. In the 
case of an optically thin line, on the contrary, all points contribute at the 
observed emission and the line has a symmetric profile. The comparison 
between optically thick and thin lines of the same molecule is important to 
discriminate between collapse and possible absorptions due to intervening 
clouds. 

Given the low temperature that characterizes the infalling envelopes 
around low-mass stars, we expect intense emission in molecular transitions 
at millimeter wavelengths only. The results have shown in few cases signifi- 
cant agreement with the predictions of the isothermal sphere collapse (Zhou 
et al. 1993, 1996; Choi et al. 1995; Myers et al. 1995), but have also re- 
vealed that simple, idealized models fail often to account for the complexity 
of the real objects (see the discussion of this point in Evans 1999 and Myers 
1999). 
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Fig. 3. Formation of asymmetric spectral line profiles in an infalling core with 
excitation temperature Tex oc 



3.2 SEDs of protostars 

The evolution of a protostar, from the earliest phase to its end on the 
ZAMS is often described in terms of its spectral energy distribution (SED), 
following the first suggestion by Lada and Wilking (1984), subsequently 
extended to include a group of newly discovered colder objects by André 
et al. (1993) (see Fig. 4). 

The first stage is that of a very embedded protostar, where the mass 
of the central core is small in comparison to the mass of the accreting 
envelope. These objects (called Class 0) have very cold spectra, which 
peak at far-infrared or submillimeter wavelengths. The following stage 
(Class I) comprises older objects, with less mass in the envelope and in- 
creasingly more massive central cores. Their spectra peak in the far-infrared 
and in many cases the emission of the circumstellar accretion disk can be 
detected in the mid-infrared. Class II stars are the classical T Tauri stars, 
with SED due to the emission of the disk and of the central star, that will be 
discussed in detail in Section 6. Their spectra have a rough power-law shape 
from near to far infrared. Finally, Class III stars have pure photospheric 
spectra. This sequence, characterized by a shift of the peak of the SED 
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CLASS 0 

(main accretioii ptiase) 



CLASS I 

(latt accretion phase) 



CLASS II 

(optically thick disks) 



CLASS m 

(debris disks?) 



Fig. 4. Schematic description of the various phases that characterize the formation 
of an individual star, from the earliest, main accretion phase (Class 0), to the time 
when all the circumstellar matter is dissipated, with the possible exception of a 
tenuous, debris disk where planets may have formed (Class III). On the left, typical 
SEDs of the various phases are shown. 



to shorter wavelengths with time, corresponds to the fact that the central 
objects become less and less embedded (see Fig. 5). 

There has been some discussion if Class 0 sources represent an evolu- 
tionary stage different from Class I, or their different SEDs are simply due 
to different viewing angles in non-spherically symmetric geometry. Recent 
results favour the idea that Class 0 are indeed an earlier evolutionary phase, 
since the transition from Class 0 to Class I sources seems to correspond to 
a decrease of the mass of the envelope and a corresponding increase of the 
mass of the central object (Bontemps et al. 1996; see also André 1997). 

An obvious test for protostellar theory is to compare the observed SED 
of young objects to the theoretical predictions. Since protostars are heavily 
embedded objects, the energy released in the accretion shock is absorbed 
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Log X (yotm) 

Fig. 5. SEDs of spherical dust shells of decreasing optical depth, Av ~ 1000 mag 
(dotted-dashed line), 100 mag (dashed line) and 20 mag (solid line). The models 
have been computed for shells heated by a central star of luminosity 50 Lq, having 
inner radius 100 AU and outer radius 0.1 pc. The dust density profile is oc R~^'^ . 
The three shells have mass of 85 Mq, 8.5 Mq and 1.7 Mq, respectively. The deep 
absorption at A ~ 10 /rm is due to silicates. 



and thermalized by dust in the very optically thick surrounding envelope, 
and re-emitted at infrared and millimeter wavelengths. The calculation 
requires to solve the dust radiation transfer equation for the case of an 
optically thick shell with non-spherically symmetric density profile, and up 
to day only approximate solutions are available. SEDs of several infrared 
sources in Taurus have been fitted with the density profiles that characterize 
slowly rotating collapsing cores (Sect. 2.5) by Adams et al. (1987); they 
have shown that it is possible to describe the observed SEDs as a sequence 
of objects with increasing mass of the central star, while both sound speed 
and rotation rate remain constant. 

ISO (PHOT), complemented by submm and mm data, can provide the 
best determination of the SEDs of embedded sources. However, it should 
be kept in mind that the SED does not determine uniquely the model 
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parameters, and that it should always be complemented by spatial informa- 
tion at different wavelengths (see Butner et al. 1991). 



3.3 The line spectrum of a protostar 

The line spectrum of an accreting protostar has been computed by Ceccarelli 
et al. (1996). They computed the line spectrum of the collapsing envelope 
that surrounds the central core using the model of the collapse of a singular 
isothermal sphere developed by Shu (1977) (Sect. 2.4) to define at any given 
time the gas density and velocity as function of radius, as well as the dust 
temperature profile. Then, they performed a self-consistent calculation of 
the evolution of the gas chemical and thermal structure with time, solving 
explicitly the local thermal balance. The predicted spectrum is dominated 
by the rotational lines of H 2 O and CO in the wavelength interval 25—200 pm 
and by the fine structure lines of atomic oxygen. The line intensities depend 
weakly on the source luminosity and more strongly on three parameters: 
the mass accretion rate Ma.cc, the mass of the central object M* (z.e., given 
that Mace is constant with time, the age of the protostar) and the location 
of the accretion shock, i.e., on the distance from the star at which the 
accretion luminosity is released. Note that these models do not assume 
Rsh ~ A*, as in Shu (1997). The three parameters {Mace M* and Rsh) 
are not independent, since the bolometric luminosity of the object, which 
is easily derived from the observations, is Lboi — Aacc = G Mi,Macc/ Rsh, 
where M* is the mass of the core and iîsh the shock radius. 

These results have been used by Ceccarelli et al. (1998) to study the ISO 
LWS spectrum of the object IRAS 16293-2422. The spectrum shows many 
rotational lines of CO, H 2 O and OH, which the authors attribute to a weak 
C shock caused by oufiowing matter impinging into dense surrounding gas. 
Ceccarelli et al. argue that the strong [01] 63 pm line detected on source is 
more likely due to the thermal emission from the collapsing envelope of the 
protostar itself. They found consistency between observations and model 
predictions for Macc ~ (2 — 3) x 10“^ Mq and an accretion shock radius 
much larger than the stellar radius. 

More recently, Ceccarelli et al. (1999) showed that the water lines ob- 
served by ISO towards IRAS 16293-2422 and towards another protostar, 
NGC1333-IRAS4, can also be attributed to the thermal emission of the 
infalling envelopes surrounding these two young objects. The twelve wa- 
ter lines detected towards NGC1333-IRAS4, in particular, are reproduced 
by their model for a central mass M* ~ 0.3 Mq, Macc ~ 3 x 10“® Mq 
and, again, an accretion shock radius much larger than the stellar radius. 
Figure 6 shows two examples of the diagnostic diagrams used by Ceccarelli 
et al. (1998, 1999). 




212 



IR Space Astronomy 




13.0 — ' — ' — ' — ' — ' — ' — ' — ' — ' — ' — ' — ' — ' — ' — 
- 5.5 - 5.0 - 4.5 - 4.0 



Log (M^yr-*) 



Fig. 6. Dependence on model parameters of the line intensities predicted in an 
accreting protostar (from Ceccarelli et al. 1998; 1999). The top diagram shows 
the intensity of the [OI] 63 jam line as function of the mass accretion rate for 
three values of the accretion shock radius, as labelled. In this case, for each curve 
the core mass has been varied to match the observed luminosity of the object 
IRAS 16293-2422. The dashed lines show the observed line flux, assuming a 30% 
uncertainty. The bottom diagram shows the intensity of the H 2 O 179 jam line as 
function of the mass accretion rate. In this case the three curves refer to three 
different values of the core mass. For each curve, the accretion shock radius is 
varied to reproduce the bolometric luminosity of the source under investigation, 
NGC 1333-IRAS4. The results are compared to the flux measured in the source. 



Similar studies make full use of the ISO spectroscopic capability; they 
are not possible using ground-based facilities. 
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4 Protostellar and pre-main-sequence evolution 

4.1 The protostellar phase 

The hydrostatic nucleus at the center of the collapsing core grows in mass 
from a very small value at the beginning of the collapse to stellar masses, 
according to the relation: 



M* = Mace t. (27) 

It releases a luminosity Lacc given by equation (22) (Sect. 2.4). 

Calculations of the evolution of the protostellar core have been per- 
formed by Palla and Stabler (1991, 1993), Beech and Mitalas (1995), Siess 
and Forestini (1996). The main results of these calculations are: i) the 
evolution of the core is practically decoupled from that of the collapsing 
envelope; ii) there is a unique relation between M* and i7*, which depends 
weakly on Mace- 

4.2 Pre-main-sequence evolution 

The protostellar phase ends when the accretion rate decreases to very low 
values (typically <10“^ Mq yr“^). At that point, the thick infalling en- 
velope has dissipated, and the star is visible at optical wavelengths. The 
mass of the central star is practically fixed. The star is in hydrostatic equi- 
librium and evolves by slow contraction on the Kelvin-Helmoltz timescale 
(^KH ~ GM^/iî*L*) toward the ZAMS, where the stellar luminosity is due 
to hydrogen burning. It is important to remember that, although from the 
observational point of view it is not always easy to know in which evolu- 
tionary stage an object is, from the theoretical point of view the difference 
is very clear: in the protostellar phase the luminosity is entirely provided 
by accretion, in the pre-main-sequence phase by contraction and, once the 
star reaches the ZAMS, by nuclear burning of hydrogen. During the pre- 
main-sequence evolution, the contribution of nuclear reactions to the energy 
balance is negligible, with the only exception of deuterium burning, which 
delays somewhat the contraction toward the ZAMS. This is important for 
intermediate-mass stars, which would otherwise lack a pre-main-sequence 
evolutionary phase altogether. In fact, higher-mass stars reach the ZAMS 
while still accreting mass and do not have a pre-main-sequence phase. 

Pre-main-sequence stars can be located on the HR diagram, where they 
occupy the region to the right of the ZAMS. Pre-main-sequence evolution- 
ary tracks have been computed by several authors (see Palla 1999). By 
comparing the position of any individual star to the evolutionary tracks, it 
is possible, in principle, to determine its age and mass. In this way, it has 
been found that the ages of pre-main-sequence stars range from ~ 10® to 
~ 10^ yr. It may also be useful to remember that pre-main-sequence stars 
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of low mass (M*<1 Mq) are called T Tauri stars (TTS), pre-main-sequence 
stars of intermediate mass (2 < M* < 8 Mq) Herbig Ae/Be stars (HAe/Be). 
The separation of pre-main-sequence stars into these two groups of stars is 
not just semantic, but reflects a fundamental difference, namely that, while 
TTS have a deep convective layer at their surface, HAe/Be stars evolve 
along radiative tracks. 

TTS and HAeBe stars show intense stellar activity, in the form of contin- 
uum excess emission in the UV and IR, emission lines, strong photometric 
and spectroscopic variability, ejection of matter as winds and jets. A dis- 
cussion of these phenomena and their interpretation is beyond the scope of 
these lectures (see, for example, the reviews of Bertout 1989 for TTS and 
Waelkens and Waters 1998 for HAe/Be stars). Here it is only important to 
mention that in many cases the activity is likely related to the presence of 
circumstellar disks. Many such disks survive during the whole pre-main- 
sequence evolution of the star. We will discuss their properties in detail in 
Section 5. 

4.3 The birthline 

Figure 7 shows the position of a large number of TTS in Taurus, as well 
as that of many Herbig Ae/Be stars. All these pre-main-sequence stars 
lie between the ZAMS and the dashed line in the figure, which is called 
birthline. The concept of birthline is an interesting one, because it provides 
us with some insight into the star formation process and the rate of mass 
accretion that characterizes a star- forming region (Stabler 1983). 

Let us consider a protostar, accreting mass at a fixed rate Macc- Let 
us then assume that when the mass of the central core reaches a value M*, 
accretion suddenly stops and any residual envelope dissipates. At that point, 
the core has radius iî*, which is determined by the mass-radius relation that 
characterizes the protostellar evolution, and luminosity L*, the luminosity 
of the hydrostatic core once the accretion luminosity is set to zero, iî* and 
L* together define a point on the HR diagram, which is uniquely determined 
by M*. The birthline is the locus of such points, where stars of different 
mass “appear” on the HR diagram. The exact location of the birthline 
depends on the value of Macc during the protostellar evolution which in 
turns determines the values of R* for any given mass M*. Birthlines for 
higher values of Macc lie further to the right of the ZAMS. 

The fact that the theoretical birthline for Macc ~ 10“^ Mq yr“^ coin- 
cides to a good approximation with the upper envelope of the pre-main- 
sequence stars in Figure 7 indicates two important things. The first is 
that the main protostellar accretion phase stops rapidly in comparison to 
Kelvin-Helmholtz timescales. The second is that the process of star forma- 
tion (at least in Taurus) is characterized by accretion rates <10“® Mq yr“^, 
not higher. 
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Fig. 7. HR diagram for a sample of pre-main-sequence stars, including HAe/Be 
stars and TTS in Taurus, shown as dots. Thick solid lines are the evolution- 
ary tracks of Palla and Stabler (1993) for stars of different mass, as marked. 
Thin solid lines show the corresponding isochrones for ages of 10®, 5 x 10®, 10®, 
2 X 10®, 5 X 10® and 10^ yr, respectively. The dotted lines are two different birth- 
lines, corresponding to a mass-accretion rate of 10“® Mq yr“^ (lower curve) and 
10“"^ Mq yr”*^ (upper curve) respectively. 



It may be important to remember that all pre-main-sequence ages are 
computed assuming time = 0 for a star on the birthline, i.e., they do not 
include the time the star has spent in the protostellar phase. 
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5 Circumstellar disks 

Circumstellar disks are an essential component of the process of star for- 
mation, as we have seen in the discussion of the collapse of rotating cores. 
Direct evidence of disks exists in some protostars, as well as in a much larger 
number of pre-main-sequence stars. One can well say that disks accompany 
the forming star from the time it is an embedded, accreting protostellar core 
to the ZAMS. In the following, I will firstly review the properties of disks, as 
predicted by theory. Then, I will discuss how disk properties can be derived 
from the observations. 

5.1 Accretion disks 

Let us consider a disk where matter accretes onto the central star. Local 
processes induce a viscous coupling between adjacent disk annuli, transport- 
ing angular momentum through the disk, so that at t ^ oo, all the mass 
is in iî = 0, all the angular momentum is carried by a single particle at 
R = oo. The timescale for this to happen is the viscous timescale, defined 
as: 



U ~ R^/i' (28) 

where i/ [cm^ s“^] is the viscosity. 

Molecular viscosity is too small to provide the viscous coupling we must 
have in disks. Molecular viscosity is given by: 

Ics (29) 

where I = mean free path is ~ 10 cm (Shu 1992). If we consider that in 
a typical disk R ~ 10^^ cm and Cg ~ 10® cm s“®, we find that ~ 3x 
10^® yr, i.e., more than the age of the universe. Disks, once formed, would 
never dissipate. 

Some other process, possibly related to turbulence, must account for the 
disk viscosity. To distinguish it from molecular viscosity, and to signal our 
lack of understanding of its nature, it is generally called anomalous viscosity, 
and it is expressed in terms of the parameter a (so-called a disks; Shakura 
and Sunyaev 1973): 

V = aCsH (30) 

where Cg is the sound speed and H the thickness of the disk. The viscous 
time scale can then be written (Sect. 5.2.2) as: 



tv 



3 X 10® 




R 



100 AU 



5/4 

yr 



(31) 



which, for a ~ 0.01, is roughly consistent with the fact that, by the time a 
star reaches the main-sequence, disks have in general disappeared. 
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Fig. 8. Sketch of a circumstellar disk. The disk midplane coincides with the 
(R, Y) plane. 

5.2 Properties of steady accretion disks 

The simple case of an accretion disk where the mass accretion rate Mace is 
constant has been discussed by Lynden-Bell and Pringle (1974) and Shakura 
and Sunyaev (1973) (see also the review by Pringle 1981). 

Let us define a system of coordinates R, y and z as shown in Figure 8. 
The disk surrounds a star of mass M* and radius iî*; it has inner radius 
Ro = R^, outer radius Ru and mass Md- The velocity field, density and 
thermal structure of the disk can be computed analytically, as discussed, 
for example, in Pringle (1981). We summarize here the main results. 

5.2.1 The velocity field 

• The flow takes place in a circular fashion around the central mass M*. 
The motion remains Keplerian all the way down to a narrow layer, of 
radial extension L and is characterized by a rotation velocity 

= 51 R given by: 



= (GM*/A)1/2. 



(32) 



The circular motion is supersonic. The Mach number A/”m = v^/cs is 
> 1 . 
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• There is no flow perpendicular to the disk {vz = 0), so that the disk 
is in hydrostatic equilibrium in the 2 ; direction: 



1 dp p GMi,z 

p dz pz E? 



As a consequence, the disk is geometrically thin. Its scale height H 
is: 



H 




Ca 

R— 



(34) 



• The radial motion (z. e., the velocity that characterizes the accretion 
of matter onto the star) is subsonic: 

acs— ^Cs. (35) 

K 

In summary, the components of the velocity in the three directions 4>, R, z, 
are given by: 



Vr '' 


H 

^ acg- 


(36) 


Vz '' 


- 0 


(37) 


V^ - 


- {GMjRf/'^. 


(38) 



Typical values of and vr {a = 0.01) and the sound speed Cg are given in 
Table 3 for various distances from the star. Note that, while and Cg are 
in units of km s“^, vr is in units of cm s“^. Here and in the following of 
this section we have assumed M* = 1 M©, iî* = 2 x 10^^ cm, T* = 4000 K, 
values typical of low-mass pre-main-sequence stars. 



Table 3. Disk velocities. 



R 


(km s“^) 


Cs 

(km s“^) 


Vr 

(cm s“^) 


R* 


260 


3 


30 


1 AU 


30 


0.6 


12 


100 AU 


3 


0.1 


3 




A. Natta: Star Formation 



219 



5.2.2 Timescales 

The disk is characterized by three different timescales, which control its 
evolution. 



• The dynamical timescale, z.e., the time it takes a blob of material to 
be smeared into a ring: 



td 



yn 



R 



0.2 



R 

1 AU 



3/2 



yr. 



(39) 






The thermal timescale, 
instabilities: 



tth 



which defines the propagation time of thermal 




R 

1 AU 



11/8 



yr. 



(40) 



• The viscous timescale, already discussed, which is the time it takes to 
move matter from R to the star: 






R 

vr 



4 X lO"* 



R \ 



5/4 



1 AU, 



yr. 



(41) 



In deriving equations (40) and (41) we have used the relation between tem- 
perature and R (cg oc oc that will be derived in Section 5.2.3. 

Note that tdyn < Uh < 



5.2.3 Temperature profile and luminosity 

The temperature at each radius R in the disk is computed by equating 
the heating rate due to viscous dissipation Q+ and the cooling rate Q~, 
computed assuming that the disk radiates as a black body at the local 
temperature Td{R)'. 

Q- = aT^ 



(42) 
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With this definition, is equivalent to a local effective temperature. 
The heating due to viscous dissipation occurs at a rate: 



D{R) = -v^ 




47tR3 \r) 



(43) 



where S is the disk surface density in R (generally expressed in units of 
g cm“^) and Mace is the mass accretion rate. If we consider only one side 
of the disk, we have = \D{R) and we obtain for Td the following 
expression: 

SttRSct j 

which, for R^ Ri, gives: 

Td (X Mll^R-^/\ (45) 

For the stellar parameters defined in Section 5.2.1, it is: 

r,~4000 K (I)"'*- (40) 

The luminosity radiated by the disk is obtained by integrating D{R) over 
the disk surface: 



1 - ( — 
R 



1/21 



(44) 



Ld 



1 GM^M^, 

2 R* 



0.6 Lq 



Ma 



10“”^ Mq yr 



-1 



(47) 



5.2.4 Density structure 

The dependence on R of the surface density S can be derived by considering 
that the net flow of matter through an annulus at distance R from the star 
and thickness AR (^ R) is given by: 

Mace = S(iî) 2ttRvr (48) 

which gives using equation (35): 

TiV = const. (49) 

Making use of the fact that v = aCgH = where = v^/R, we 

obtain: 

= const. (50) 
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Since ocT oc R and oc R equation (49) becomes: 

(51) 

Hayashi (1981) derived S oc Rr^!’^ for the early solar nebula (by distributing 
the existing mass of planets over a continuous disk). This surface density 
profile is currently used in the majority of simple disk models. However, it 
is consistent with a steady-state disk only if a cx R?^'^. 

The disk mass Md is related to S by the relation: 

Md= / Y.{R)2t^RAR. (52) 

JRo 

At any given radius, the vertical dependence of the density on z is obtained 
by integrating the equation of hydrostatic equilibrium: 

1 dp GM^,z 

which gives: 

p{R, z) = p{R, z = 0) exp(— z^/2iî^). (54) 

Equation (54) shows that the the density falls off rapidly with z, so that 
the matter is concentrated on the disk midplane. 



5.3 Reprocessing disks 

In general, a circumstellar disk surrounding a star of luminosity L* is heated 
not only by viscosity but also by the stellar radiation. If the disk is optically 
thick in the vertical direction, the heating in R due to stellar radiation for 
Ri^ Ri, is given by (see Fig. 8): 



- 




(55) 



where a is the grazing angle at which the radiation from the star strikes 
the disk. In a flat disk, i.e., in a disk with opening angle independent of R, 
a ~ 0.4 (-^) (Ruden and Pollack 1991). 

If viscous heating is negligible in comparison with the heating due to the 
stellar radiation, (reprocessing disks), we can compute the disk temperature 
by solving the thermal balance equation = Q~ , where Q~ = aT^ and 
Q+ is given by equation (55). The result is: 



Td 



0.67 T* 




(56) 



so that the dependence of Td on R (Td oc R is the same if the disk is 
heated by stellar radiation or by viscous dissipation. The exact expression 
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of Td in reprocessing disks, valid also for R ~ iî*, can be found in Adams 
and Shu (1986). 

The luminosity emitted by the disk is: 

rRiy 

Lb= CTT^27riîdR (57) 

Jro 

which, for Rd Ro, gives: 

Td - i T*. (58) 

In other words, a “reprocessing” or “passive” disk intercepts and reemits 
~ 25% of the stellar luminosity. 

In general, the disk is heated both by viscous dissipation and by the 
stellar radiation. Its temperature can be computed by balancing the cooling 
rate Q~ = <jT^ to the total heating rate at R\ 

Q+ = QrV + Qvisc- (59) 

If other heating mechanisms are effective, they should be added to . 



5.4 Disk-star interaction 

In an accretion disk, the circular velocity remains almost Keplerian all the 
way down to a narrow boundary layer of thickness I (<C R*). Within I, 
matter accreting onto the star with rotation velocity Vfp = (GM*/iî*)^/^ ~ 
260 km s“^ must decelerate to the rotation velocity of the star (w*), which 
in TTS is ~ 10 km s“^. The energy dissipated within I is therefore: 



1 . 9 1 • 
TbL ~ 2 — 2 



1 

2 R* 




(60) 



The matter in the boundary layer is hot. A simple estimate of its temper- 
ature can be obtained assuming that it emits as a black body: 



aT, 



1 L, 



BL 



2 2ttRJ 



(61) 



If l/Ri, ~ 0.01, Macc ~ 10“^ Mq, then Tbl ~ H 000 K and the emission is 
mostly at UV frequencies. 

If the star has a strong magnetic field, this will disrupt the inner parts 
of the accretion disk (Gosh and Lamb 1979a,b). Some fraction of the mat- 
ter which is radially moving inward along the disk will accrete onto the 
star along closed magnetic field lines (infalling columns of gas), some frac- 
tion will be ejected from the system, giving origin to the jets and outflows 
observed in many protostars and pre-main-sequence stars (see Hartmann 
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1998). The disruption radius can be computed by balancing magnetic and 
kinetic energy. In a TTS, if the stellar magnetic field is ~1 kG, the disrup- 
tion radius is close to the corotation radius, i.e. to the distance from the 
star where the Keplerian rotation rate equals the stellar rotation rate 

i?co~ (GM*) (62) 

For typical TTS, Rco ~ few iî* and the mass outflow rate is ~10% Mace- 
Magnetospheric accretion models can account for many properties of TTS, 
from the near-IR colors, wind properties, infall of high-velocity matter onto 
the star, to the stellar angular momentum evolution. A well balanced ac- 
count of the pros and cons of magnetospheric accretion models in the context 
of TTS is given by Edwards (1997). It is still uncertain if they apply also 
to the earlier stages of star formation, and, in particular, to the powerful 
outflows from Class 0 objects. 



6 SEDs of disks 



The SED of a disk can be computed at the zeroth order assuming that each 
disk annulus emits as a black body at the local temperature T^. Then the 
flux at any given frequency v is given by the expression: 



where: 



F, 



cos 9 
£)2 




B.(Td)(l 



-e~'^‘')2TrRdR 



B, 



2hv^ 1 

q2 ^ 



Tv 



1 

COS 9 



Kv F,{R) 



(63) 

(64) 

(65) 



Kv is the opacity at frequency v, Rq and Ru are the inner and outer disk 
radii, D is the distance and 9 the angle between the disk and the plane of 
the sky. 



6.1 Power-law disks 

Let us consider a disk where temperature and surface density can be ex- 
pressed as power-law functions of R: 





/ A \ 




II 


\77o/ 


(66) 


/ 


^ R\-P 




S = So ( 


■ 


(67) 
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If the disk is optically thick at all wavelengths, F^, depends on Td (z.e., 
on the disk luminosity) and on the inclination angle, but not on S; hence 
not on the disk mass. The SED has three regions, each characterized by a 
different dependence on wavelength: 



hu ^ kTo - 


^ F^x 


(68) 


kTd{Ri)) <C <C kTo - 


F^ X 


(69) 


hv fcTd(TD) - 


F^ X (if optically thick). 


(70) 



In practice, most circumstellar disks are optically thin at long wavelengths 
("Tmin ^ 1); at these wavelengths, F^, depends on Td and S, as well as on 
the dust opacity, but not on the inclination angle: 

hv <C /eTd(iÎD), K,v oc ^ F^ tx. (if optically thin). (71) 

Examples of SEDs for different disk parameters are shown in Figure 9. 

6.2 Long-wavelength flux and disk mass 

The long-wavelength, optically thin regime is particularly interesting. Since 
Fu depends on S, it is possible in principle to derive the disk mass from the 
observed ffux. If t <C 1, equation (63) becomes: 

F^m ^ RlTo So 7 - ll (72) 

[2-q-p) I J 

Emm depends on the disk size Rd only if {q-\-p)< 2, z.e., if both temperature 
and surface density profiles are relatively shallow. 

In a power-law disk, Md is: 

çR-d Ip 

Md= / ^{R)2^RdR=2TrRl^o- (Rd/Ro)"”^ - 1 • (73) 

JRo P) ^ 

1Î {p+q)< 2 , then one obtains the relation: 

E’mm 772 = ^ Md ^ Tq (Td/Ro)”® (74) 

A^ 2 — q — p 

which allows us to compute the disk mass from Tmm if Kmm and Td(i?D) 
are known: 

^ ^ A^ Tmm77^ 

° 2fc /îmmîd(RD) 



( 75 ) 
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Log X(/i,m) 



Fig. 9. SEDs of systems formed by a star surrounded by a circumstellar disk. The 
stellar SED is shown by the dashed line, the SED of the disk by the dotted-dashed 
line, the sum of the two by the solid line. Different solid curves refer to systems 
with disks of different mass, as labelled. Note that the short-wavelength part of 
the disk SED (where the disk is optically thick) does not depend on the disk mass. 
These models have been computed for a star of L* = 0.75 Lq, T* = 4000 K. The 
disk is heated by stellar radiation only, has inner radius equal to A*, outer radius 
of 100 AU, surface density E oc R~^'^ and mass as labelled. The disk is seen 
face-on and is at a distance of 140 pc. 

where e = ^ 2 -p^ • ~ mm, e ^ 1, Ki.smm = 0.01 cm^ per gr of gas 

and D in pc, it is: 

Md~3.6x lO-^Mo (l4^) ^i-3mm(rnJy). (76) 

One of the largest uncertainty on Md comes from the poor knowledge of the 
long- wavelength dust opacity in disks. A discussion of this problem, which 
is beyond the purpose of these lectures, can be found in Henning (1996) and 
references therein. 
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6.3 Comparison with TTS observations: Heating mechanism 

Much work has been devoted to the comparison of observed disk SEDs to 
model predictions, with the aim of deriving in such way disk parameters 
(luminosity, temperature profile, mass, heating mechanism etc.). Possibly 
the most comprehensive effort is that of Beckwith et al. (1990), later ex- 
tended by Osterloh and Beckwith (1995), who provided fits to the SEDs 
in the frequency range from the blue to 1.3 mm of more than 100 TTS in 
the Taurus-Auriga star forming region. They used power-law disk models, 
i.e., temperature and surface density as in equations (66) and (67) and dust 
opacity profile Ki, oc X ~^ . 

These authors found that most of the SEDs were well described by the 
adopted simple models with p = 1.5, /3 = 1, inner disk radii of 1 to few 
R*, outer disk radii 7 ?d ~ 100 AU. However, the temperature profile had 
to be flatter than the power-law with exponent q = 0.75, predicted in both 
accretion and reprocessing disks. Figure 10 shows the distribution of q 
values for 106 TTS in Taurus. In almost all TTS disks, the outer regions 
are much warmer than predicted. The most extreme case is that of the 
so-called “flat” SEDs, which, according to equation (69), requires q ~ 0.5. 
Note that at R= 100 AU the difference in temperature between a “normal” 
disk, with q = 0.75, and one with q = 0.5, having the same temperature 
at the inner edge, is a factor ~10. 

This result has triggered a number of papers, proposing different ideas 
to explain the anomalous heating of the outer disk. 

6.3.1 Flared disks 

Kenyon and Hartmann (1987) pointed out that disks are “flared”, i.e., that 
the disk opening angle increases with R {H/R oc Eq. (34)). For 

R » iî*, the grazing angle a can be expressed as (Chiang and Goldreich 
1997): 




where ■ The outer parts of the disk intercept a larger fraction of 

the stellar radiation than in a “flat” (see Fig. 11). Flared disk models predict 
SED that cannot be fitted by a single value of q. If the disk is optically 
thick over a vertical path ~ 3H, where H is given by equation (34), the 
value of q derived from the SED in the wavelength interval 20 — 60 pro. can 
be as low as 0.5. 

6.3.2 Heating by halos 

Natta (1993) noticed that even a small amount of dust, distributed around 
the disk, would scatter back onto the disk plane a fraction of the stellar 
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q 



Fig. 10. Histogram showing the values of q, the exponent of the power-law tem- 
perature profile, derived for the disks associated to TTS in Taurus-Auriga (data 
from Beckwith et al. 1990 and Osterloh and Beckwith 1995). 



Z 




Fig. 11. Geometry of a flared disk (see Fig. 8 for comparison). 
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Fig. 12. Geometry of models where a disk is surrounded by a halo of scattering 
particles (see Fig. 8 for comparison). G represents one of such particles. 



radiation that the disk would otherwise not intercept (see Fig. 12). This 
process produces an additional heating of the disk, which is particularly 
important in its outer parts. The resulting temperature profile depends on 
the distribution of the scattering particles and on their optical depth r. If 
the density of scattering particles decreases radially as R~^, then the value 
of q derived by fitting the predicted SED at A > 20 fj,m is ~ 0.5 if r ~ 0.2. 

The heating of the outer disk by photons scattered and emitted by sur- 
rounding dust in the disk direction is even more important in embedded 
objects, where the optical depth of the envelope is much larger than unity 
(Butner et al. 1994). This work, as well as the Natta (1993) calculations, 
show that the outer disk temperature of most young stellar objects, and 
therefore their long wavelength emission, depends strongly on their envi- 
ronment. 



6.3.3 Disk atmospheres 

Recently, Chiang and Goldreich (1997) have examined the effect of the 
heating by stellar radiation on the disk physical structure. They pointed 
out that there must be an optically thin outer atmosphere, on both sides 
of the disk, whose extension is determined by the penetration of the stellar 
radiation to r ~ 1 in the direction of the disk plane (see Fig. 13). Grains 
in this outer layer are exposed to unattenuated stellar radiation, and are 
therefore heated to temperatures higher than the blackbody temperature 
of the underlying optically thick disk. The emission of this “superheated” 
optically thin dust dominates over that of the thick disk in the near and 
mid-infrared. The resulting SED is flatter than that of an optically thick 
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Fig. 13. Disk with an optically thin atmosphere. The atmosphere has a geomet- 
rical thickness determined by the penetration of the stellar photons to ry = 1 
along the disk plane, (see Fig. 8 for comparison). 



disk. These models cannot account for the very flat TTS, but can fit the 
majority of the observed SEDs. 

An interesting aspect of disk atmosphere models is their capability to 
account for the presence of spectroscopic features in the disk spectra. This 
was first noted by Calvet et al. (1991) in relation to the CO bandhead 
features detected in some TTS by Carr (1989). Chiang and Goldreich (1997) 
models predict strong silicate emission. This is an attractive feature of the 
models, since silicate emission at 10 /im is observed in a large number of 
TTS and HAe/Be stars (Cohen and Witteborn 1985; Banner et al. 1998; see 
also Robberto et al. 1999). Note, however, that also the disk-hhalo models 
of Natta (1993) predict silicate emission in the resulting spectrum, due to 
warm dust in the optically thin envelopes. However, strong emission can 
only be produced by envelopes of relatively high optical depth (ry ~ 2 — 5), 
higher than what is commonly observed. 

All the heating mechanisms discussed so far have been applied to repro- 
cessing disks, i.e., to disks heated by stellar radiation only. D’Alessio et al. 
(1998) have shown that in viscous disks with parameters typical of TTS 
{i.e., Mace ~ 10“® Mq), the irradiation from the central star dominates the 
heating of the disk at radii larger than ~2 AU, while viscous heating dom- 
inates in the inner disk. Natta (1995) and D’Alessio et al. (1997) discuss 
how the presence of halos (or infalling envelopes) affects the temperature of 
accreting disks. They show that, for typical values of the parameters, the 
additional heating due to halos always dominate the heating of the outer 
disk. Viscous heating, which occurs mostly in the disk midplane, affects 
the temperature vertical gradient. While in a pure reprocessing disk the 
temperature is higher in the outer layer than in the disk midplane, in a 
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pure viscous disk the opposite is true. Calvet et al. (1991) showed that CO 
lines go from emission to absorption as the ratio of the accretion over stellar 
luminosity increases. Systematic spectroscopic studies of disk features are 
necessary to investigate further the vertical temperature profile and heating 
mechanisms in pre-main-sequence disks. 

7 Disk properties from observations 

We have summarized in Table 4 typical properties of the disks associated 
to pre-main-sequence stars. They are not very different in TTS and in 
HAe/Be stars. In this section, we will briefly describe how such properties 
have been derived from observations. 



7.1 Mass accretion rate 

The disk emits in the infrared the sum of the fraction of the stellar lumi- 
nosity it intercepts (/T*) plus 1/2 Lace- 

Lir = f Li, + —Lace- (78) 

By comparing the measured infrared luminosity to L*, the photospheric 
luminosity, it is possible to derive Tacc and the accretion rate through the 
disk. This method has been applied to TTS by Strom et al. (1988). How- 
ever, as noted by these authors, due to a number of uncertainties affecting 
the estimate of the fraction / of the stellar radiation reprocessed by the 
disk, it gives reliable results only when i*. More sensitive methods 

to derive Mace make use of the fact that a fraction of the accretion lumi- 
nosity is released as UV radiation near the star (Sect. 6.4; see for the most 
recent results Valenti et al. 1993; Gullbring et al. 1998; Hartmann et al. 
1998). Typical values of the mass accretion rate estimated in this way are 
Mace ~ 10“® Mq yr“^ for TTS with evidence of disks. The corresponding 
accretion luminosity is ~ 0.1 Lq; in the largest majority of TTS, accretion 
contributes only a small fraction of the bolometric luminosity of the system. 

7.2 Inner radius 

The exponential rise of the disk emission at short wavelengths (see Fig. 9) 
depends on the value of Tq, the disk temperature at the inner radius. Near- 
infrared color-color plots (see, for example, Kenyon et al. 1996) or fits of 
disk models to the SEDs of TTS and HAe/Be stars (Beckwith et al. 1990; 
Hillenbrand et al. 1992) are used to infer the value of Ro. For the great 
majority of pre-main-sequence stars, Rq varies between one and few R*. 
Such values are consistent with the predictions of magnetospheric accretion 
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models (Sect. 5.4), and also, especially for the more luminous HAe/Be stars, 
with the dust sublimation radii. 



7. 3 Masses 

As discussed in Section 6.2, the disk mass can be derived from the ob- 
served long-wavelength flux, provided that the emission is optically thin 
(see Beckwith et al. 1999 for a discussion of the limitations and caveats of 
this technique). Many TTS and HAe/Be stars have been detected at mm 
wavelengths, using single-dish telescopes (such as the IRAM 30 m telescope 
and the SEST at ESO) and interferometers (mostly the IRAM Plateau de 
Bure and OVRO). Figure 14 (from Natta et al. 1999; see references therein) 
shows that disk masses typically range from <0.01 to ~ 0.3 Mq. There is 
a weak correlation of disk mass with the stellar mass, with more massive 
stars having slightly more massive disks. It is important to note that many 
solar-mass stars have disks more massive than 0.01 Mq, i.e., the minimum 
mass of the solar nebula. 

Historically, the intense emission at these long wavelengths from opti- 
cally visible stars has provided one of the strongest arguments in favour of 
the existence of circumstellar disks. The argument is in fact very simple. 
Let us assume that the mass of dust, inferred from the observed mm flux, is 
distributed in a spherically symmetric shell of radius equal to the telescope 
beam. The corresponding visual extinction is then: 



Av 



2000 



f Mp \ 

[o. 01 MqJ 




(79) 



where Mp is the measured mass of dust and gas (assuming a mass ratio 
1:100), D the distance in pc and 0 the beam diameter in arcsec. Figure 15 
shows the values of Ay for a mass of 0.01 Mq of gas and dust as function of 
the distance of the star for two different telescope beams, 10 and 2 arcsec, 
typical of single-dish telescopes and interferometers, respectively. These 
values of Ay are always much larger than the observed ones, which are of 
few magnitudes at most. The conclusion is that the dust must have a non- 
spherically symmetric geometry. Figure 15 shows also the importance of 
using interferometers when applying this same argument to disks of lower 
mass or to distant objects. 



7.4 Sizes 

Disk sizes can be inferred from spatially resolved observations. Such obser- 
vations have been obtained with the Hubble Space Telescope and adaptive 
optics in the visual and near-infrared (see, for a recent reviews, Stapelfeldt 
et al. 1997; McCaughrean et al. 1999), and in the sub-millimeter and 
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Fig. 14. Disk masses derived from the millimetric fluxes of a sample of pre-main- 
sequence stars of different mass, including HAe/Be stars and TTS (from Natta 
et al. 1999). Solid symbols refer to single-dish observations, open symbols to 
interferometric ones. Dots show detections, triangles plot 3cr upper limits. 



Table 4. Disk properties. 

Mass : 0.003 - 0.3 Mq 
Inner radius: I to a few iî* 
Mass-accretion rate: M ^ I0“® Mq 
Outer radius: ~ 100 AU 



millimeter range with interferometric techniques (see review by Guilloteau 
et al. 1997; Wilner and Lay 1999; Natta et al. 1999). All these results show 
that disks have outer radii in the range ~50-several hundreds AU. Large 
inner holes and distorsions of the outer parts are often observed, especially 
in multiple systems (see Lubow and Artymowicz 1999 for a discussion of 
the dynamical effects of companions on circumstellar disks) . 
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Log Distance (pc) 

Fig. 15. Visual extinction of a shell of gas and dust of mass 0.01 Mq as a function 
of the distance of the object. See text for the significance of this extinction. The 
two lines correspond to beam sizes of 10 arcsec (typical of the largest single-dish 
telescopes) and 2 arcsec (typical of millimeter interferometers), respectively. The 
extinction is computed assuming that the shell has radius equal to the beam 
radius. The figure shows also the distance of the two star-forming regions Taurus 
and Orion and of the more embedded BO HAe/Be star R Mon. 



8 Disk lifetimes 

An important quantity in disk studies is their lifetimes. The most fruitful 
approach used so far has been a statistical one. One selects a large sample, 
as unbiased and complete as possible, of pre-main-sequence stars of known 
age, and determines the dependence of the fraction of stars with disks on 
the stellar age. In these surveys, disks are identified by their infrared ex- 
cess emission (with respect to the photospheric one), and the choice of the 
wavelength determines which part of the disk one is, in fact, considering. 
Figure 16 shows the SEDs of disks with increasingly large inner radii. The 
lack of excess emission at 10 fini, for example, indicates that a region of 
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Fig. 16. SED of disks with increasingly large inner radii Ro, as labelled. The 
top curve is for a disk extending to the stellar radius. The outer disk radius is 
200 AU. The central star has luminosity 1 Lq, T* = 4500 K. 



radius >0.1 AU has been cleared, the lack of excess in the far infrared that 
the cleared reagion is at least few AU. 

In principle, the disk lifetime depends on the physical conditions in the 
disk, and hence may differ in the inner and outer disk. Models of the solar 
nebula, for example, predict that the inner disk will evolve faster than the 
outer disk to form planets (Lissauer 1993). However, there are very few 
examples of “transition” objects, i.e., systems with deep gaps in the mid- 
infrared and significant emission at longer wavelengths (Skrutskie et al. 
1990; Simon and Prato 1995; Wolk and Walter 1996). This suggests that 
disk dissipation is a rapid process, and that, once it begins in a given disk 
region, it will quickly involve the whole disk. Estimates of this transition 
time, i.e., the time it takes for a disk to dissipate once the process has begun, 
are of <10® yr (Wolk and Walter 1996). In fact, disk lifetimes inferred from 
surveys at different wavelengths do not differ significantly, and they all 
indicate that pre-main-sequence disks may live as long as 10^ yr. However, 
the details of their evolution with time are still unclear. 
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In the following, I will summarize the most recent results of surveys at 
different wavelengths. A beautiful discussion of disk lifetimes, leading to 
similar conclusions although based on earlier results, can be found in Strom 
et al. (1993). 

8.1 Ground-based near and mid-infrared surveys 

The best studied region of low-mass stars formation is Taurus-Auriga. 
Kenyon and Hartmann (1995) estimate that a similar number of TTS with 
disk {Classical T Tauri Stars or CTTS) and without disks {Weak-Line T 
Tauri Stars or WTTS) coexists in an age range between (0.1 — 2) x 10® yr. 
Simon and Prato (1995) used the 10 fjjn. excess as an indication of disks; 
they find that the ratio of TTS with and without disks does not depend on 
the age of the star in a range ~ 10® — lO"^ yr. Also, there is no difference be- 
tween single and binary stars. Recently, Hillenbrand et al. (1998) have col- 
lected near-IR photometry for a large number of stars in the Orion Nebular 
Cluster. Also in this case, the fraction of stars with disks (estimated from 
their near-IR excess) does not depend on the stellar age for stars younger 
than ~ 10^ yr. 

Several other star-forming regions, containing clusters of 
pre-main-sequence stars, have been observed in the three near-IR bands 
J,H,K (see, for example, Lada 1999 and references therein). The fraction 
of stars with disks is found to decrease smoothly with the cluster age, to 
reach a value of about zero for clusters older than ~ lO"^ yr. The smooth 
decrease of the fraction of star-|-disk systems with time is at first sight in 
contradiction with what is found within individual clusters. The meaning 
of these results, however, is not at all clear. The definition of the “age” of 
young clusters is often rough, and, as proved by the cases of Taurus and 
the Orion Nebular Cluster, a spread of ages exist within individual regions. 
It is also possible that disk evolution depends on the density of stars in 
the region (Hiilenbrand et al. 1998), or on the presence of massive stars 
(Johnstone et al. 1998). 

8.2 Mid-infrared ISOCAM surveys 

ISO has performed surveys of several star forming regions in two broad 
bands, centered at 7 and 15 /im, using CAM. At the moment, preliminary 
results are available for the star forming regions Chamaeleon (Nordh et al. 
1996), P Ophiuchi (Bontemps et al. 1998), Serpens and Corona Australis 
(Nordh et al. 1998). 

ISOCAM is sensitive to very low-luminosity sources, i.e., to very low- 
mass stars. For example, the p Oph survey can detect the 15 pm photo- 
spheric emission of a star of 0.1 Lq, i.e., ~0.1 Lq. The philosophy followed 
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in these projects is similar to that of the near-IR surveys, with the ad- 
vantage that it is much easier to identify excess emission in this range of 
wavelengths, where the stellar photospheric emission is negligible. More- 
over, photometry in the mid-IR can easily identify the nature of the excess, 
i.e., separate disk sources from more embedded Class I objects. Namely, 
the spectral index between 7 and 15 /xm, defined as: 



d log XFx 



(80) 



has values «ir ~ 1 for Class I sources, which have a mid-IR spectrum 
increasing with wavelength, oir ~ — 1.3 for Class II (disks), characterized 
by slowly decreasing SEDs, and oir ~ —3 for stellar photospheres (Class 
III) (see Fig. 4). Note that reddening does not affect «ir since the extinction 
at 7 and 15 /xm is similar. 

The Bontemps et al. (1998) map of p Oph covers the main cloud L 1688 
and two secondary clouds L 1689N and L 1689S. A large number of new 
sources has been discovered, which can be divided as follows: 17 sources 
identified as Class I; 116 Class II; 46 Class III or background stars. The 
large fraction of Class I/II with respect to Class III objects (> 75%) is 
consistent with a very young age for the p Oph cloud. Bontemps et al. 
estimate an age 3 x 10^ years, with very few stars significantly older. It is 
interesting that, if all the 46 Class III objects belong to the cluster, the ratio 
of diskless stars over stars with disks is of ~35% even at such a young age. 
A similar high fraction of diskless stars has also been found in Chameleon 
(Nordh et al. 1996). 



8.3 ISOPHOT 60 pm survey 

PHOT has observed at 60 /xm a sample of about 80 stars, chosen to minimize 
selection effects, located in young open clusters (Meyer et al. in preparation; 
see Robberto et al. 1999). At this wavelength, we are sampling the emission 
from the 1 — 5 AU disk region. The survey is sensitive to optically thick disk 
emission, i.e. to dust masses >5 x 10“^ Mq at D = 150 pc. The regions 
observed are: Chameleon (age ~ 3 Myr), IC 2602 (age ~ 30 Myr), a Per 
(age ~ 50 Myr), Pleiades (age ~ 120 Myr), NGC 7092 (age ~ 270 Myr). 

Only 5 stars out of the 77 observed have been detected, all located in the 
Chameleon cloud, which is the only young cluster (^10^ yr) in the sample. 
This result confirms those at shorter wavelengths. 



8.4 Surveys at millimeter wavelengths 

The emission at sub-mm and millimeter wavelengths, as discussed in Section 
7.3, is generally used to derive disk masses. 
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Fig. 17. Dust mass as function of the age of the star for stars of spectral type 
about A. Note that, since it includes also evolved objects, this figure plots dust 
masses, directly derived from the observations, rather than disk masses, computed 
assuming a gas-to-dust mass ratio 100. HAe stars are shown by circles, Vega-like 
stars by squares. The arrows at age ~ 3 x 10® yr plot upper limits to Mdust 
for a small group of MS A-shell stars. Diamonds show the dust content of the 
best-known Vega-like stars P Pic, a Psa, a Lyr and HR 4796. The upper limits 
derived by Zuckerman and Becklin (1993) for the Pleiades and Ursa Major are 
also shown. Limits are shown by arrows. See Natta et al. (1999) and references 
therein. 



At present, there are no unbiased surveys of star forming regions in 
this wavelength range. Observations are available for a large number of 
individual stars, such as TTS in the Taurus-Auriga region (Beckwith et al. 
1990; Osterloh and Beckwith 1995) and Herbig stars of masses <5 Mq (see 
Fig. 17). 

In both cases, it is found that in the interval ^ 10® — 10^ yr there is no 
correlation of the disk mass with the stellar age. In Taurus, the fraction 
of non-detections (to the sensitivity limit of ~ 10 mJy) is the same in 
young (<10® yr) and old (^10® yr) stars. Osterloh and Beckwith (1995) 
find evidence that a companion at distances <100 AU tend to suppress the 
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1.3 mm emission. However, it seems that the lack of age dependence of the 
fraction of stars with disk apply to both single and binary stars. Among 
more massive stars, there are several stars with age ~ 10^ yr that retain 
their pre-main-sequence disks. As shown by Figure 17, this time, 10^ yr, 
seems to be the time for action, at least for intermediate-mass stars, since 
it is also the age of the youngest Vega-like stars (Sect. 10). 

The observations discussed so far seem to indicate that there are two 
different lifetimes that characterize the disk evolution. A significant fraction 
of stars looses its disk (if ever they had one) very early in the evolution, at 
times <10® yr. The exact value of this fraction is difficult to assess, but 
it should be possible to obtain it from follow-up spectroscopic studies in 
the near-IR of the Class III stars detected by ISOCAM in young regions of 
star formation, which can discriminate between diskless pre-main-sequence 
stars (Class III) and background sources. A second characteristic time is 
probably of the order of 10^ yr. This may be typical of disk evolution leading 
to planet formation, as we will see in the next section. 

9 Disk evolution 

The expectation that disks will disappear with time is inherent in the viscous 
disks theory. Namely, viscous disks, once the supply of matter to the disk 
stops, will evolve with timescale (the viscous timescale, see Sect. 5.1). 
If the viscosity is expressed in terms of the parameter a (v = a Cs H) and 
a remains constant with value ~ 0.01, after ti, ~ 10® — 10^ yr, all the disk 
material will be accreted by the central star. However, if a decreases with 
time, the viscous timescale may become very large, and a different set of 
processes, leading to planet formation, may take place. 

Planet formation and the related disk evolution (see the reviews by 
Lissauer 1993 and Ruden 1999 for a detailed discussion) begins when dust 
grains, closely coupled to the gas, start growing by binary collisions and 
settle into the disk midplane. They form firstly larger grains, then plan- 
etesimals (typically ~1 km size bodies), which are decoupled from the gas 
and move in strictly Keplerian orbits around the central star. In a sec- 
ond phase, planetesimals continue to grow by inelastic collisions. Safronov 
(1972) has shown that the rate of growth is largest for the most massive 
planetesimal. This runaway phase ends when the most massive planetesimal 
has accreted all the matter in its “accretion” zone, z.e., the region where 
its gravitational field perturbs smaller bodies into colliding orbits. The first 
phase is very fast, with a characteristic timescale of few thousands orbital 
periods (z.e., ~ 10® yr at 1 AU distance, ~ 3 x 10® yr at 50 AU). The 
second phase, which produces a number of large rocky bodies, isolated one 
from the other, may take longer, of order of 10® yr. Further growth, to form 
terrestrial planets and the cores of giant planets, requires much longer times 
(~ 10® yr). The gas originally in the disk accretes onto the star, or onto 
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giant planets or is dispersed from the system. At the end of this process, 
we may have the formation of secondary or debris disks, produced by the 
fragmentation of much larger bodies. Such disks are seen in a many ZAMS 
and MS stars in the solar neighborhood (Vega- like stars; Sect. 10). 

9.1 Can we observe the early planet formation phase? 

Pre-main-sequence disks span the age interval required to form very large 
planetesimals, and should therefore be particularly suited to study the early 
phases of planet formation. How can one detect planetesimals? Only indi- 
rectly. The effect of the coagulation of small dust grains into larger ones 
is a decrease of the emission at wavelengths smaller than the grain size. 
Figure 18 shows a schematic plot of the dust opacity as function of the 
quantity 27ra/A, where a is the grain radius; for 27ra/A> 1, k^, decreases as 
1/a. Let us consider a disk having a dust mass 10“^ Mq in grains of size 
<1 mm at D = 140 pc; its 1.3 mm emission (~ 25 mJy) is easily detected. 
However, if we distribute the same amount of material in planetesimals of 
1 km size, its emission will decrease approximately as (1 mm/1 km), i.e., 
by six orders of magnitude, and will be by far undetectable. 

The search for evidence of grain growth and planet formation is therefore 
a search for disappearing emission, even if we assume that all the dust mass 
originally in the disk is conserved. However, grain growth occurs in the disk 
midplane, and current theories do not constrain strictly enough the amount 
of small grains in the system. Small grains in the disk midplane may be 
replenished by the same collisions between large bodies that form larger 
planetesimals. Moreover, we do not know the amount of dust that remains 
suspended in the disk after most of it has settled on the midplane. Small 
amounts of suspended micron-size grains (~ 1% of the original mass) may 
maintain the disk optically thick through the infrared, and keep practically 
unchanged the observed SED. Detecting gaps in the mid-infrared may be 
possible only when the small grain population is cleared (probably together 
with the gas). If so, timescales derived from the statistics of transition 
objects (Sect. 8) may characterize this last process rather than grain growth. 

9.2 Evidence for grain growth 

A better chance of detecting planet formation signatures is provided by 
studies at long wavelengths, where pre-main-sequence disks are and remain 
optically thin. Note that such observations will provide information on 
the history of the outer disk, i.e., of a region that in the Solar system 
corresponds approximately to the Kuiper Belt (~50 AU). 

The sub- millimeter and millimeter emission of TTS and HAe/Be stars is 
in general rather flat, i.e., characterized by spectral index a ~ 2 — 3 (Beck- 
with and Sargent 1991; Mannings and Emerson 1994), while in embedded 
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Fig. 18. Schematic behaviour of the opacity coefficient as function of the 
quantity 2'Ka/X, where a is the grain radius and A the wavelength. For a fixed A, 
small grains (a < A) have values of independent of a; large grains (a > A) have 
an opacity that decreases linearly as 1/a. 



objects a is significantly larger (André 1995). In Section 6, we have seen 
that if the dust is optically thin, we expect a spectral index of order 2+/3, 
where [3 is the exponent that describes the dependence of the dust opacity 
on A (k cx A“^). In the ISM a ~ 4 and /3 ~ 2. In pre-main-sequence disks, 
the low values of a indicate a much lower value of /3, <1. In practice, in 
disks the relation between a and j3 depends on a number of parameters, 
such as the temperature and surface density profile, as well as the disk mass 
and outer radius (see Beckwith et al. 1999). However, detailed models of 
few objects, including some very young ones with typical pre-main-sequence 
disk masses, have derived /3 < 1 (Mannings 1994; Koerner et al. 1995). 

The interpretation of these results is that long-wavelengths disk emission 
is dominated by grains of size 1 — 3 mm (Miyake and Nakagawa 1993; Pollack 
et al. 1994). If so, grain growth to such sizes occurs very early in the disk 
history. 
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9.3 Evidence of planetesimals 

One very interesting recent developement of spectroscopic studies of pre- 
main-sequence stars of intermediate mass has been the detection of infall 
signatures in several metal lines (see Waters and Waelkens 1998 and Grady 
et al. 1999). Red-shifted absorption components are observed at large 
velocities (~ 100 km s“^ or more), i.e., from gas very close to the star (less 
than 10 i?*). These features are highly variable, appearing and disappearing 
on timescales from few hours to a day. 

It was soon realized that the detection of such events in lines of metals 
with very low ionization potential, such as Na, close to stars of relatively 
high luminosity and effective temperature was hard to reconcile with the 
idea of a gaseous infall. The current interpretation is that metal-rich gas 
is formed near the star by the evaporation of solid bodies of 1 km size on 
star-grazing orbits. 

The interesting point is that these infall events are observed in a group of 
stars (called UXORs from their prototype UX Ori), mostly of spectral type 
A, which cover a large range of ages and have disk properties not different 
from the average pre-main-sequence ones (Natta et al. 1997). 

The planetesimal interpretation is certainly suggestive, although it may 
be premature to adopt it with no further questioning. If confirmed, it shows 
that growth to very large sizes, not only to millimeter ones, may occur early 
in the disk evolution. 



9.4 Where is the disk mass? 

The picture that emerges from the observations is admittedly fragmented 
and uncertain. But let us assume for the moment that the evidence pro- 
vided by the flat sub-mm and mm SEDs and by the red-shifted absorption 
components observed in the metal lines of UXORs is correctly interpreted as 
evidence of grains of mm size and of km-size bodies, respectively. Both phe- 
nomena occur with similar frequency in young and old pre-main-sequence 
stars and are often observed in the same objects. Then we have evidence 
not only that both populations (mm and km size bodies) form early in the 
disk history, but also that they coexist for a very long time, of the order 
of 10^ yr. In fact, since the millimeter emission of pre-main-sequence stars 
does not decrease with age until such time, the formation of planetesimals 
is not followed by a rapid disappearence of mm size grains. We seem to ob- 
serve a sort of bimodal size distribution, with a significant fraction of dust 
in grains of 1 — 3 mm and a much smaller one in 1 km-size planetesimals. 
Only when much larger planetesimals form, then the population of small 
grains disappear. If so, the formation time of these large bodies is probably 
of order of 10^ yr. 
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Fig. 19. Histogram of the ratio of the infrared over the stellar luminosity for pre- 
main-sequence and Vega-like stars of spectral type about A (from Artymowicz 
1996). 




10 Secondary or debris disks 



I like to end these lectures with a brief discussion of the final stage of disk 
evolution, which is probably typical of disks where planet formation has 
already occurred. These systems are generally called Vega-like stars, from 
their prototype Vega (a Lyrae) . The Vega- like phenomenon was discovered 
by IRAS, which detected far-IR emission associated to a number of MS stars 
in the solar vicinity (see Backman and Paresce 1993). 

The most famous Vega-like star is /3 Pic, a young star (age >10^ yr) 
of mass ^ 2 M©, very close to us (D — 19.3 pc). Its disk has been firstly 
imaged in scattered light using a coronographer by Smith and Terrile (1984). 
Today we have images at various wavelengths, from the visual to 10 /xm and 
the sub-mm (see Artymowicz 1997 and Lagrange et al. 1999 and references 
therein). Its properties can be summarized as follows: 
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• the disk is optically thin at all wavelengths: the IR excess of (3 Pic (and 
of all Vega-like stars) is much lower than that of pre-main-sequence 
stars, which have optically thick disks (see Fig. 19). 

• The disk mass in grains smaller than few millimeters, derived from 
submm fluxes, is very small (~ 10“® Mq of dust). 

• Images in scattered light constrain the “small” grain size to be very 
large (~ 10 

• Images at various wavelengths show that the disk has a huge inner hole 
and is asymmetric and warped; these distorsions may be accounted 
for by the presence of a giant planet. 

• There is very little (if any) gas in the disk. 

• There is spectroscopic evidence of metal-rich gas sporadically infalling 
toward the star with high velocity (~ 100 km s“^), interpreted as the 
by-product of the evaporation of proto-comets on star-grazing orbits. 

The mass of small grains (z. e., a < few millimeteres) in (3 Pic is of ~ 10“® gr, 
i.e., more than two orders of magnitude lower than in pre-main-sequence 
stars of similar mass (cf. Fig. 14). Other Vega- like stars have an even smaller 
content of dust: a Lyrae has ~ 8 x 10“® gr (Zuckerman and Becklin 1993); 
51 Cancri (for which there is a detection of a planet with 2 Jupiter masses 
from radial velocity studies; Butler et al. 1997) has only ~ 10“^° g of dust 
(Dominik et al. 1998; Trilling and Brown 1998). The Sun has a tiny disk 
of grains with sizes of order 10 /rm, which are responsible for the zodiacal 
light; its mass is about lO^"* gr. Note that such small amounts of dust can 
only be detected in nearby stars. Figure 20 shows the disk detectability 
as a function of the dust mass in the disk for the three most sensitive 
instruments currently available, namely the IRAM 30 m dish (millimeter 
interferometers have similar sensitivity), SCUBA at the JCMT working at 
850 iim and PHOT on ISO at 60 /im. The four lines correspond to objects 
at different distances. The most sensitive instrument for this purpose is 
PHOT; however, even PHOT may detect a “(3 Pic” disk in the nearest star 
forming regions {D ~ 140 pc), but not other less massive Vega- like disks. 

Vega-like stars give us very important information on the disk structure 
in the latest stages of planet formation. However, it is important to keep 
in mind that disk evolution from pre-main-sequence to Vega-like stars is 
not a continuous, smooth process. Practically all the gas and dust present 
in the disk at the time of its formation has disappeared by the time large 
planetesimals and planets have formed. Debris disks are formed by sec- 
ondary grains, produced by the fragmentation of large bodies, very likely 
planetesimals. These grains must be continuously replenished, since they 
are accreted onto the star or expelled from a system in timescales much 
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Fig. 20. Disk detectability as a function of the dust mass in the disk. The 
vertical scale is in logarithmic arbitrary units. The horizontal dashed lines show 
the sensitivity limits of the IRAM 30 m single-dish telescope at 1.3 mm (millimeter 
interferometers have similar sensitivity), of SCUBA on JCMT at 850 /rm and of 
PHOT on board of ISO at 60 /rm. The solid lines correspond to objects at different 
distances, as labelled. The vertical shadowed areas show the location of different 
classes of objects, pre-main-sequence stars, Vega-like stars and the Sun. 



shorter than the age of the star (see, for example, the discussion in Griin 
1999). Their properties do not reflect those of the original dust but rather 
the characteristics of the fragmentation process that forms them. Gas seen 
in (3 Pic is also a secondary phenomenon, with a chemical composition that 
bears little relation to that of the gas from which the disk has formed. While 
the early history of disks is characterized by coagulation of solid particles 
into larger bodies, the late phase is characterized by fragmentation of large 
bodies into small grains. 
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11 Summary 

In these lectures, I have discussed a number of basic concepts that provide 
the necessary background to the current studies of star formation. A first 
part was dedicated to illustrate the concept of a protostar, discussing condi- 
tions and properties of the collapse of a molecular core. A second part deals 
with circumstellar disks. Disks are important not only to the process of star 
formation itself, but also because they are in all probability the site where 
planets form. The age range of pre-main-sequence stars coincides with the 
timescales for the formation of very large planetesimals, the building blocks 
of planets. Studies of disk properties in pre-main-sequence stars of different 
age, located in star-forming regions of different properties, may shed light 
on the characteristics of planet formation processes. 

ISO observations can provide important (in some cases, unique) infor- 
mation on the various stages of the star and planet formation. I have 
illustrated in detail some examples, when, to my knowledge, ISO data had 
been reduced and analyzed. Many other programs exist, and will certainly 
contribute to our understanding of star formation in the near future. 
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DUST IN THE INTERSTELLAR MEDIUM 



F. Boulanger, P. Cox and A.P. Jones 



1 Introduction 

The study of interstellar dust is an essential aspect of fundamental astro- 
physical problems, including the evolution of galaxies, the formation of stars, 
the building of planets and, possibly, the synthesis of organic molecules 
which lead to life. The life cycle of dust is associated with that of the stars. 
At almost every stage of their evolution stars interact with dust through 
the effects of stellar winds, via starlight and through supernova-generated 
shock waves. Dust grains form in atmospheres of evolved stars, immediately 
locking-up a significant fraction of the heavy elements produced by stars. 
These newly formed grains are ejected into the interstellar medium where 
they undergo cycles of destruction and reformation. Massive stars leaving 
the main sequence, and ultimately turning into supernovae, send fast shock 
waves through the Galaxy that modify the dust abundance, size distribution 
and composition. In dense clouds, dust is subject to processing involving 
grain growth through ice mantle formation and coagulation. Cloud collapse 
and star formation incorporate some of this dust into young stellar objects. 
Part of the dust will be included in a proto-planetary disc where it becomes 
the building blocks of planetesimals and ultimately planets. 

All through this evolution, the surface of dust grains contribute to the 
formation of molecules observed in the gas of which the most abundant is 
H2. Dust also contributes to the presence of complex molecules in space 
by absorbing photons which can photodissociate them. Through the pho- 
toelectric effect the dust channels some of the stellar radiation energy into 
the gas, which is the dominant heat source wherever stellar radiation is not 
heavily attenuated. To quantify these diverse contributions of dust to the 
evolution of interstellar matter and to the physical conditions in space it is 
necessary to understand what is encompassed by the rather generic term of 
interstellar dust. 
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Over the last two decades, observations at infrared wavelengths have in- 
troduced new perspectives on the nature of dust in almost all astrophysical 
environments. Following ground-based observations, airborne 

facilities (such as the Kuiper Airborne Observatory, KAO), balloon-borne 
experiments and space missions have opened new wavelength regions for the 
study of dust. The major infrared satellite observatories are: the InfraRed 
Astronomical Satellite (IRAS), the COsmic Background Explorer {CORE), 
the InfraRed Telescope Satellite {IRTS) and the Infrared Space 
Observatory (ISO). Prior to these infrared measurements, our knowledge 
of dust was mainly derived from observations of elemental depletions, the 
extinction of stellar light and the diffuse scattered emission in the visible 
and ultraviolet. 



In particular, the launch in 1995 of ISO has had a profound impact on 
the study of interstellar dust. It opened the entire 2.5 — 196 fj,m wavelength 
region for spectroscopic studies at spectral resolutions of ^ from ~100 
to ~500, and was ideally adapted for the study of the broad emission and 
absorption bands of interstellar dust and ices. The availability of complete 
infrared spectra for a great number of astronomical sources allows the study 
of the dust bands together with the other components of the infrared spec- 
trum: the infrared continuum, the atomic fine structure lines and molecular 
bands. This richness of information is one of the major achievements of ISO 
and part of what has been called the ISO revolution. 

This lecture discusses the nature of the interstellar dust, the global 
energy budget of the interstellar medium through the infrared emission, 
the cycling of dust through the different interstellar phases, and the for- 
mation and destruction processes of the grains. These major themes will 
be illustrated with results which have been obtained with ISO. The pa- 
per is organized as follows: after a brief description of the different phases 
which exist in the interstellar medium (Sect. 2), the depletion and extinction 
constraints are presented in Sections 3 and 4; the analysis of the infrared 
emission from dust in the diffuse interstellar medium will be discussed in 
Section 5 with an emphasis on the processes occuring for the smallest grains; 
Section 6 presents the various components of the dust population as a func- 
tion of size; Section 7 concerns the dust processing in the diffuse interstellar 
medium (dust destruction) and in translucent clouds (dust growth); dust 
in dense cold gas (ice mantles) is described in Section 8 together with a 
presentation of the results on the nature of dust around young stellar ob- 
jects; Section 9 is devoted to the formation of dust in evolved stars; and 
Section 10 is a general overview of the life cycle of interstellar dust; open 
issues and a summary of the main points adressed in this lecture are given 
in Section 11. 
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There have been many books, conference proceedings and reviews on 
the subject of dust and its evolution in the interstellar medium [1-9] and 
the reader is referred to these for more detailed information. 



2 The phases of the interstellar medium 

To follow the evolution of dust in the interstellar medium it is necessary to 
briefly describe the various environments in which dust is observed. It is 
in particular relevant to stress the wide differences in physical parameters 
such as gas density and radiation field which are important for the physical 
processes contributing to dust evolution. Another aspect of the interstellar 
medium structure, important for dust studies, is the time over which matter 
cycles between its various phases. 

In the first sections we start our description of interstellar dust from 
observations of the so-called diffuse interstellar medium which represents 
all the matter seen outside condensed molecular clouds. The diffuse in- 
terstellar medium is observed to consist of a “hot intercloud medium”, a 
warm ionized/neutral medium (or “warm intercloud medium”), and a cold 
neutral medium referred to as “interstellar clouds” with mean hydrogen 
atom densities, uh, of ~ 0.003, ~ 0.25, and ~ 40 cm“^, and mean gas 
kinetic temperatures, Tk, of ~ 5 x 10^, ~ 10^, and ~ 80 K, respectively. 
The IRAS sky images have prompted the denomination of cirrus clouds 
now widely used to refer to interstellar clouds with low to moderate opacity 
to stellar radiation. The dense medium is known to be structured over a 
wide range of scales with large density contrasts. In particular, local densi- 
ties several orders of magnitude higher than the mean density are inferred 
from the detection of small (a few tens of AU) structures seen in Very Long 
Baseline Interferometry observations of H I absorption in the direction of ra- 
dio sources and from the detection of molecular emission lines in some cirrus 
regions. The processes contributing to the chemical evolution of matter are 
most often non-linear, the existence of a wide range of physical conditions 
is probably important for the evolution of dust. 

Since the hot gas is observed through X-ray emission which is quickly 
absorbed by neutral gas, the distribution of the hot component is not known 
outside of the Solar Neighbourhood. The volume filling factor for this hot 
gas is still a matter of debate. It may not occupy most of the volume as 
originally predicted in the three phases model by McKee & Ostriker [10]. 
This question is not directly important for the evolution of dust since a 
negligible fraction of interstellar matter mass is in the hot phase. 

The warm intercloud medium is observed to consist of neutral and ion- 
ized components. Both the warm and cold neutral gas contribute to the 
observed emission in the 21 cm H I line. Absorption studies in the direction 
of radio sources allow us to distinguish between these two phases but only 
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for a discrete set of lines of sight. Little is thus known about the relative 
distribution of the cold and warm neutral gas. The distribution of warm 
ionized gas is inferred from its emission in the Hq, line and through the 
observations of the dispersion of pulsar signals. These measurements show 
that some 30% of the atomic gas in the Solar Neighbourhood is in low den- 
sity ionized gas outside of H II regions. Observations of pulsars at different 
heights above the Galactic mid-plane show that this gas is distributed over 
a thick disc with a scale height of ~ 1 kpc. Warm ionized gas is the main 
component of the interstellar medium at 1 kpc from the mid-plane. 

The cycling of matter (both gas and dust) between the interstellar com- 
ponents is driven by the formation of massive stars which disrupt star form- 
ing clouds and are thought to be able to collectively blow matter high above 
the Galactic plane. The shocks driven by stellar winds and supernovae ex- 
plosions are able to destroy dust on time-scales ~ 5 x 10® years which is 
smaller than the time-scale needed to replenish the dust population through 
the outflows of evolved stars, i.e. ~ 5 x 10® years (see Sects. 7, 9 and 10). 
The time-scale of this cycling is considered to be commensurate with the 
association time between hot stars and their parent molecular clouds ob- 
served to be of the order of a few 10^ years. This is frequent enough to 
rebuild the grains by accretion in interstellar clouds (see Sect. 7). 

A final characteristic of the diffuse medium which is important for the 
understanding of dust evolution is that it is mixed with held stars and 
immersed in the general Galactic InterStellar Radiation Field (ISRF). In 
the Galaxy most of the molecular gas is present in giant molecular clouds 
with gas densities 10®cm“® and larger. Most of the mass in molecular 
clouds is in the cloud envelopes, regions which are moderately shielded 
from the interstellar radiation (Ay smaller than a few magnitudes). Darker 
condensations represent a minor fraction of the mass but correspond to an 
important step in dust evolution which connects interstellar dust to that 
observed in proto-stellar condensations and to that eventually integrated in 
proto-planetary discs. 



3 Abundances 

Measurements of the elemental depletions provide a first perspective on 
interstellar dust. The gas phase abundances of elements in the atomic com- 
ponents of the interstellar medium are measured through ultraviolet and 
optical spectroscopy of atomic absorption lines towards stars. Abundances 
are not so accurately known in molecular clouds because the atoms are com- 
bined in diverse molecules which are mostly observed through emission lines 
with intensities highly dependent on excitation conditions. 
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Combining the gas abundances with estimates of the cosmic abundances 
of the elements the composition of dust can be derived from the differences 

(X/iJ)du«t = (X/iï)cosmic - {X/H)g^ (3.1) 

where X/H is the abundance of element X relative to the number of 
hydrogen atoms. 

The gas abundances derived from measurements of atomic lines allow 
a study of the composition of dust and its evolution between interstel- 
lar medium components. The inferred depletions show that in interstel- 
lar clouds most of the elements with low condensation temperatures such 
as Si, Fe and Mg are in dust grains. For the two most abundant heavy 
elements, C and O, the situation is not so straightforward since comparable 
fractions of these elements are to be found in the gas and in the dust. When 
one sums the abundances of the elements inferred to be in dust one gets 
a canonical dust to gas ratio of about 1% by mass. Our knowledge of the 
abundance of elements in dust is presently limited by the uncertainties in 
the cosmic abundances in the interstellar medium rather than in the gas 
abundance measurements. For a long time the Solar abundances have been 
used as a reference. Recently this well accepted dogma has been questioned 
by abundance measurements in young stars. In particular, the carbon abun- 
dance in the interstellar medium could be only 2/3 that of the Sun which 
severely constrains present models of interstellar dust (see [11] and refer- 
ences therein). In this case, no carbon dust would be present in the diffuse 
cloud present in the direction of the nearby star ^ Per. 

Observations with the Hubble Space Telescope have provided a large 
data base of abundances which allows a correlation of variations in the de- 
pletion of elements from interstellar clouds in the warm diffuse components 
in the disc and the halo of the Galaxy [12]. Analysis of these data leads 
to the distinction of two dust components: one designated as a core com- 
ponent, which is sufficiently resilient to survive in the low density halo gas, 
and a second designated as a mantle component. The designations core and 
mantle should not be taken strictly since the two dust components could 
simply correspond to separate populations of grains. The variations in the 
depletions are thought to result from the sputtering of interstellar grains in 
the fast shock waves. Estimates of the elemental abundances in the core and 
mantle components (taken from [12]) are listed in Table 1 both for Solar and 
B star abundances. These results show that the cores consist of metal ox- 
ides (for the B star abundances) and a mixture of metal oxides and silicates 
(for the Solar abuncances) . The mantle composition is of a magnesium-rich 
silicate independent of reference abundance. The gas phase carbon abun- 
dance is observed to be approximately constant among diffuse clouds for 
which variations in the abundance of Mg are observed [13]. This suggests 
that carbon dust is more resilient than silicates. 
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Table 1. Abundances of elements in dust. 



X 


10®(A/iî) 

Sun 


106 (A/iJ)d 
COph ^Per Halo 
cored-mantle core 


mantle 


0 


740 


450 


440 






c 


360 


220 


no 


- 


- 


N 


93 


14 


- 


- 


- 


Mg 


38 


37 


36 


27 


10 


Si 


36 


34 


< 34 


16 


18 


Fe 


32 


32 


32 


25 


7 




10®(A/iJ) 




106 (A/iJ)d 




X 


B-star 


COph 


CPer 


Halo 








cored-mantle 


core 


mantle 


0 


470 


170 


170 






c 


220 


89 


0 


- 


- 


N 


59 


0 


- 


- 


- 


Mg 


24 


23 


22 


12 


10 


Si 


23 


21 


< 20 


2.9 


18 


Fe 


20 


20 


20 


13 


7 



Note: Adapted from [12]. Dust-phase abundances are given in the units 

10® {X/H)^ for solar reference (upper part of the table) and B-star reference 
abundances (lower part of the table), the reference being to the number of 
hydrogen atoms. The value 10® (X/H)^ = 360 listed for C means that there are 360 C 
atoms in the dust for every 10® H atoms in the gas. The dust-phase abundance in the 
grain mantles is derived by subtracting the dust core abundances from an average of the 
(core-l-mantle) abundances for Oph and Ç Per. 



4 Extinction curve 

Stellar light propagating through interstellar space is attenuated by the 
absorption and scattering of photons by dust particles. The extinction curve 
is readily measured by comparing the observed spectrum of a star with that 
of a star of similar spectral type with negligible extinction. The variation 
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Diffuse Medium Mean Extinction Curve 




Fig. 1. Mean diffuse interstellar extinction curve from the near-infrared (3 jam) 
to the far-ultraviolet (~1200 Â), given by the A{\)/Av ratio as a function of the 
inverse wavelength (in where U(A) is the extinction at wavelength A and 

Av is that at the V band. 



of the dust extinction with wavelength is referred to as the extinction curve 
and varies from place to place in the interstellar medium. The mean diffuse 
interstellar extinction curve is displayed in Figure 1. Note that the rapid 
fall-off in stellar fluxes renders it difficult to extent the extinction curve into 
the mid- and far-infrared. The far-infrared part of the extinction curve is 
derived from the analysis of the dust emission (see Sect. 5). Extinction 
measurements are complemented by studies of the diffuse light, seen in 
reflection nebulae but also on large scales in the Galaxy, from which it 
is possible to infer estimates of the albedo (ratio between scattering and 
extinction cross sections) and the phase function (angular distribution of 
the scattered light). Note that the albedo is thought to be fairly constant 
at about 0.5 ± 0.1 from the ultraviolet to 1 /rm. 

The interpretation of extinction measurements relies on the theory of 
the interaction of electromagnetic radiation with particles. The oscillating 
electrical field sets in motion the charges in the particles leading to the 
dissipation of energy within the particle (absorption) and emission of an 
electromagnetic wave at the same wavelength (scattered radiation) . This is 
really an interference process where the in-coming radiation combines with 
the radiation emitted by the dust grain. The interaction cross section is 
related to electron transitions in the ultraviolet and visible, the vibrations 
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of specific atomic bonds in the near- and mid-infrared and global vibration 
modes in the far-infrared. The absorption and scattering of electromagnetic 
waves by small particles is discussed in considerable detail in the books by 
van de Hulst [14] and Bohren & Huffman [15]. The two extreme cases, where 
the grain is either much smaller or much larger than the wavelength of the 
radiation, are the most easily considered. For grains much larger than the 
wavelength (A ^ 27ra, where a is the grain diameter), the grain acts as a 
dark screen blocking the light impinging on it and diffracting that incident at 
the edge. The absorption and scattering cross sections are both comparable 
to the grain projected surface and roughly independent of wavelength. For 
grains much smaller than the wavelength we are in the limiting case of 
Rayleigh scattering. The electromagnetic field is uniform over the entire 
volume of the particle and the interaction can be approximated by the 
creation of a single dipole. The scattered wave is then associated with the 
oscillation of the induced dipole. In this limiting case the cross section 
is proportional to the mass of the particle and decreases with increasing 
wavelength proportionnai to for scattering and less steeply for absorption. 
Within this limit the absorption cross section dominates scattering and the 
albedo tends to zero. 

With these simple limiting cases in mind it is easy to see that the steady 
decrease of the extinction cross section from the far-ultraviolet to the in- 
frared implies that dust particles have a range of sizes. The lower cut-off of 
the size distribution must be smaller than 100 Â to account for the rise of 
the extinction curve all the way to the Lyman continuum limit. An upper 
cut-off of ~ 0.2 /im is required to match the visible and near-infrared parts 
of the extinction curve and the constancy of the albedo from the ultraviolet 
to the near-infrared. 

Besides the general decrease of the extinction with wavelength the ex- 
tinction curve shows a broad spectral feature at ~ 2200 Â (Fig. 1). This 
bump is widely considered to be characteristic of carbon particles containing 
sp^ hybridized carbon atoms (as in benzene), e.g., graphite, aromatic hy- 
drocarbons and, more generally, any amorphous carbon containing aromatic 
substructures. 

The characteristics of the mid-infrared extinction in the diffuse inter- 
stellar medium are illustrated by the infrared spectrum towards the Galac- 
tic centre source Sgr A* (Fig. 2). The line of sight to Sgr A* is thought 
to sample several translucent Galactic molecular cloud edges and also dif- 
fuse matter, corresponding to a total estimated visual extinction of about 
30 magnitudes. Superimposed on the continuum due to thermal dust ra- 
diation, there is a series of features seen in absorption. The two domi- 
nant features at ~ 9.7 and ~ 18 /xm correspond, respectively, to the Si-0 
stretching and O-Si-0 bending modes of silicates. The bands are consistent 
with completely amorphous (i.e., disordered) materials [16,17]. Various 
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Fig. 2. ISO-SWS spectrum of the line of sight sampling the interstellar medium 
towards Sgr A* in the Galactic center. Figure taken from [16]. 



absorption features present in the spectrum, namely: H 2 O at 3.0 and 
6.0 fj,m, CO at 4.67 /xm, CO2 at 4.27 and 15.2 /xm and CH4 at 7.69 /xm 
are associated with ices formed in molecular clouds. A detailed description 
of these features and of interstellar ices will be given in Section 8. 

In addition to the silicate and ice bands, the spectrum of Sgr A* shows a 
remarkable absorption band at 3.4 /xm. This feature has also been observed 
towards a dozen background sources sampling galactic lines of sight includ- 
ing some for which no ice features characteristic of shielded environments 
of molecular clouds are seen {e.g., [18] and references therein). This band 
is characteristic of CH stretches in the -CH2 and -CH3 functional groups 
in hydrocarbons. The band associated with the C — H strech in aromatic 
hydrocarbons is at 3.3 /xm. The presence of the 3.4 /xm band in absorption 
points at the existence of a carbon component in molecular clouds and the 
diffuse medium distinct from the small aromatic particles seen in emission 
(see Sect. 6.1). 

Mathis et al. [19] were the first to build a dust model accounting for the 
extinction properties of dust from the ultraviolet to the infrared. This model 
referred to as the MRN model was further developed by Draine & Lee [20]. 
It combines two distinct dust components, graphite and amorphous silicate 
grains with sizes ranging from 50 to 2500 Â. The power law size distribution 
dn(a) oc a~^-^da is such that the grain mass is dominated by the largest 
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particles and the grain surface by the smallest. Note that the lower cut-off 
of the size distribution cannot be constrained by extinction measurements 
since, within the Rayleigh limit (27ra/A 1), the extinction cross section is 

proportional to the particle mass independent of its size. In other words, the 
far-ultraviolet extinction constrains the abundance of small dust particles 
(a < 200 Â) but not their size distribution. 

Other models have been proposed and we refer to [17] for more details. 
The reader should realize that data on the extinction and scattering prop- 
erties do not fully constrain plausible dust models. It is true that all models 
remain, to a great extent, empirical due to the lack of relevant optical prop- 
erties. For example, the silicate optical properties in the MRN and Draine 
& Lee models are not entirely based on laboratory measurements but on 
ad-hoc properties fitted to astronomical data. In the following section, we 
see how infrared observations provide further information on the dust size 
distribution and composition. 

5 Infrared emission from dust 

5.1 Spectral energy distribution 

The infrared emission from dust is in most interstellar environments faint 
and shows little brightness contrast on small angular scales. Observations 
of this emission have thus been mostly obtained from space with cooled 
telescopes allowing a detection of the full sky brightness. Research on 
the infrared emission from interstellar matter currently follows from large 
scale studies based on the all-sky maps made by the experiments on board 
IRAS and CORE and detailed imaging and spectroscopy, obtained from the 
ground, aircraft {KAO), balloons (such as the airborne sub-millimetre tele- 
scope PRONAOS) or space {IRTS, ISO, as well as the US Air-Force project 
MSX). We will mostly refer to observations obtained with CORE and ISO. 
The CORE data have provided the first complete spectral energy distribu- 
tion of dust emission from the near-infrared to millimetre wavelengths. ISO 
has brought new insights on the nature of dust particles and their evolution 
as a function of physical conditions. 

One difficulty in the analysis of the infrared emission of dust is the sep- 
aration of the contributions from interplanetary dust (zodiacal light), the 
various interstellar medium components in the Galaxy (atomic and molecu- 
lar gas, warm and cold phases, neutral and ionized gas) and external galaxies 
from the sky emission. This separation of components relies on the existence 
of a tight correlation between gas and dust and thus of gas emission lines 
with the associated dust emission. The correlation which has been most 
extensively investigated is the spatial correlation between infrared emission 
and the 21 cm line from atomic hydrogen. Several sudies based on the IRAS 
data have shown that the 100 pro. emission away from the Galactic plane. 
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and away from the principal nearby molecular complexes, is generally well 
correlated with the distribution of the neutral atomic gas as traced by the 
H I line {e.g., [21]). This correlation analysis has been extended to the whole 
dust spectrum using data from the Diffuse Infrared Background Experiment 
(DIRBE) and the Far Infrared Absolute Spectrometer (FIRAS) on board 
of COBE [22,23]. The far-infrared/H I correlation shows that dust and 
gas are well mixed and that, at high latitude, the intensity of dust heating 
is quite homogeneous. The slope of the correlation provides an empiri- 
cal ratio between infrared brightness and gas column density for the Solar 
Neighbourhood away from luminous stars. The infrared spectrum of the 
emission from dust associated with atomic gas (for an H I column density 
smaller than 5 x 10^°cm“^) is presented in Figure 3. This analysis allow a 
determination of the emission properties from dust associated with atomic 
gas without, however, separating the contributions from dust in the cold 
and warm H I phases of the interstellar medium. 

Since atomic clouds are thought to be optically thin to Galactic star 
light these emission properties may be compared to the predictions of dust 
models without any assumptions of cloud structure, opacity and radiation 
transfer calculations. They complement the extinction curve of Figure 1 
which refers to the same medium. Together, the emission and extinction 
properties of dust in the diffuse atomic medium constitute a reference for 
the study of dust composition. With elemental abundances they provide 
the fundamental constraints for dust models. 



5.2 Grain temperatures and infrared emission 

The spectral energy distribution presented in Figure 3 carries important 
information on the size distribution of interstellar dust. The main point 
to note is the fact that the emitted power is distributed over a wide range 
of wavelengths from the near-infrared to millimetre. This directly tells us 
that the emission originates from particles emitting over a wide range of 
temperatures. We will show in this section that the spread in temperatures 
implies that the size distribution of dust grains extends down to aromatic 
carbon molecules with tens of atoms {e.g., [29,30]). Based on the presence 
of emission bands at 3.3, 6.2, 7.7, 8.6, and 11.3 pm, considered to be char- 
acteristic of C-C and C-H functional groups in aromatic hydrocarbons, the 
smallest particles of the size distribution are considered to be large Polyclic 
Aromatic Hydrocarbon molecules hereafter referred to as PAHs [27,28]. In 
the following, the basis of the interpretation of dust emission spectra is 
presented. The dust emission features (referred to as PAH bands) which 
provide insight in the nature of dust grains are discussed in Section 6. 
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Cirrus Emission for NrH)=1e20 cm-2 
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Fig. 3. The dust emission spectrum from the near-infrared to millimetre wave- 
lengths normalized to a column density of 10^° H atoms cm~^. This figure com- 
bines (1) the 3.3 /rm emission of cirrus associated with the molecular ring ([24]), 
(2) an ISOCAM spectrum between 5 and 16 fim measured at the northern edge 
of the dense cloud in Ophiuchus [25], (3) measurements of the high latitude cir- 
rus emission from the COBE satellite with DIRBE [26] and FIRAS [22]. The 
dotted line represents the radiation from a modified black-body at a temperature 
Tdust = 17.5 K with an emissivity law proportional to . Note the noise increase 
at A < 150 /rm for the FIRAS spectrum. The peak at 158 /rm is a detection of 
the C II line from high latitude gas. 

The emission per unit solid angle of a dust grain of radius a is related 
to its infrared emissivity and temperature (Td) through the equation: 

I\{a, A) = TTo^Qabsfa, X)Bx{Td{a)). (5.1) 

where Qabsi the efficiency factor for absorption, is the ratio of the absorption 
cross section to the grain projected surface. 

The same grain absorbs energy from interstellar radiation field at the 
rate: 

^ahs — / (5.2) 

^0 

It follows from Kirchoff’s law that the emission and absorption efficien- 
cies are identical. B\ is the Planck function and u\ the ambient radiation 
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Radiation field [ x ] 

Fig. 4. Equilibrium temperatures for interstellar grains (silicates and amorphous 
carbon) of radius 0.01 fim as a function of the strength of the radiation field (x) 
expressed in units of the Solar Neighbourhood ISRF. 



energy density. For the case of the spectrum in Figure 3, u\ is the Solar 
Neighbourhood Interstellar Radiation Field (ISRF). This ISRF is known 
from observations of stars and the diffuse Galactic light. The ISRF power 
has a broad spectral distribution from the ultraviolet to the near-infrared. 
Tabulated values and a fit by various spectral components can be found 
in [31]. For dust in the Solar Neighbourhood cirrus half of the power 
absorbed by dust comes from the ultraviolet radiation from hot stars and 
half from cooler stars emitting in the visible and near-infrared. 

The equilibrium temperature of dust grains (Teq) is defined by the bal- 
ance equation between the absorbed and emitted energies: 

pOO pOC) 

/ Qabs(a, A)cMAdA = / 47rQabs(a, A)RA(req(a))dA. (5.3) 
Jo Jo 

Values of this equilibrium temperature are shown as a function of radiation 
intensity in Figure 4 for both silicate and amorphous carbons. 

When the energy of a single photon, hiy, is a negligible fraction of 
the particle energy the equilibrium temperature is the actual grain tem- 
perature. However, this condition is not verified for small dust grains. 
When the grains are small, discrete photon absorption induces temperature 
fluctuations and the grain emission is related to the probability distribu- 
tion of finding the grain at a given temperature. As a consequence, the 
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temperatures of the smallest grains are different from the equilibrium tem- 
perature. The existence of very small dust particles is therefore required 
to explain the wide spectral distribution of the infrared power radiated by 
interstellar dust. 

The condition for temperature fluctuations is related to the value of the 
ratio: 

R = hiyes/ / C{T)dT, (5.4) 

Jo 

where hves is the mean energy of the photon absorbed by the dust grain 
and C{T) is its heat capacity. Temperature fluctuations are significant for 
large values of R down to a fraction of 1 . 

The smallest particles considered in the modelling of the infrared emis- 
sion are large molecules which have a finite set of energy levels. The absorp- 
tion of stellar photons induces a transition to an excited electronic state. 
The molecules rapidly makes a non-radiative transition to a vibrationally 
excited ground electronic state because the density of such states is much 
higher than for electronic excitation. For such an isolated system, a specif- 
ical statistical treatment (microcanonical) should be applied [32]. To do 
such a calculation it is necessary to compute the density of states as a func- 
tion of energy. For large molecules this is not easily done with sufficient 
accuracy. The method used in most model calculations is thus to use the 
thermal approximation where the emission temperature is the vibrational 
excitation temperature of the molecule. In this approximation the energy 
of the molecule is assumed to be unchanged by the emission of an infrared 
photon. This is a reasonable approximation over most of the cooling pro- 
cess, as long as the internal energy of the molecule is much larger than 
the energy of the emitted infrared photons. Within this approximation the 
emission from molecules can be treated in the same way as for small grains. 

The absorption of a photon of energy hv heats the particle to a temper- 
ature T given by: 

hv= [ C(T)dr, (5.5) 

JTo 

where Tq is the grain temperature prior to the heating event. Between 
absorption events, the grain cools down at a rate fixed by its ability to emit 
infrared radiation: 

dr 1 

TIT = ^ / 47ra^Qabs(a, A)7rSA(a,T)dA. (5.6) 

dt C'(T) Jo 

When the cooling time is much shorter than the time between photon ab- 
sorptions the heating events can be considered as independent and treated 
separately. This condition is equivalent to a value of R much larger than 1 
in equation (5.4). In the following, we will refer to this case as single photon 
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Fig. 5. Dust emission spectra computed with the model of Désert et al. [29] for 
heating radiation fields from 1 to 10'* times the Solar Neighbourhood radiation 
field (1, 10, 100, 1000 and 10*, from bottom to top). The bottom spectrum is a 
good match of the observed spectral energy distribution in Figure 3. 



heating. For a 50 atom PAH the time between photon absorption events 
is several months in the Solar Neighbourhood ISRF, while the cooling time 
at the peak temperature is a few seconds. There is however a range of par- 
ticle sizes for which these two times are comparable and the computation 
of the temperatures resulting from the stochastic heating by stellar photon 
absorption and cooling by infrared radiation is not straightforward. Two 
distinct statistical methods, providing similar results, have been proposed 
to compute the temperature probability distribution [33,34]. 

If P{a, T) is the probability of finding a grain of radius a between temper- 
atures T and T -l-dT, the equation of grain emission (Eq. 5.1) is generalized 
to: 

h{a,X)= / 7ra^Q,Ua,X)Bx{Td{a))P{a,T)dT. (5.7) 

The probability distribution depends on the heat capacity of the particles, 
their emissivity and the radiation field spectrum and intensity. In the case of 
single photon heating P{a, T) is independent of the radiation field intensity. 

Various models of the infrared emission from a grain size distribution 
extending down to PAH molecules have been published {e.g., [29,30,35]). 
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Number of carbon atoms 



Fig. 6. Range of temperatures over which grains emit most of their power as a 
function of the number of atoms, for planar PAHs (< 200 carbon atoms) and 3D 
amorphous carbon (> 600 atoms), based on the dust model of Désert et al. [29]. 
Results for the model calculations are presented for the Solar Neighbourhood ISRF 
and a heating radiation field 10^ x ISRF. The temperature ranges are marked by 
error bars for the ISRF and arrows for the higher radiation field. The crosses 
and the diamonds mark the points where the grain emission, d£’/d(Log(T)), is 
maximal. The dashed and dotted lines indicate the dust equilibrium temperature 
for the ISRF and the higher radiation field, respectively. 



To illustrate the basic features of the emission spectra for a size distribu- 
tion including small grains and PAHs, we choose to present results from 
the Désert et al. [29] model. In Figure 5 a set of model spectra corre- 
sponding ro radiation fields from 1 to 10'^ times the Solar Neighbourhood 
ISRF are shown. In Figure 5, one can see that at wavelengths shorter 
than ~ 12 /rm the emission is proportional to the radiation field intensity. 
This is not true at longer wavelengths due to variations in the temper- 
atures of the emitting particles. Further insight into the correspondence 
between dust emisssion, temperatures and sizes is provided by Figures 6 
and 7. The range of temperatures over which the small particles emit most 
of their emission is illustrated in Figure 6 for two radiation fields: the Solar 
Neighbourhood ISRF and a radiation field corresponding to 10"^ times the 
ISRF. This diagram allows a comparison of the range of emission 
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Fig. 7. Emission per atom in the L band (including the 3.3 pm feature), 12 and 
25 pm IRAS bands as a function of the number of atoms in the particle (N). 
These results are based on the model of Désert et al. [29] . This figure illustrates 
the relative contribution of grains as a function of size to the emission. Results of 
model calculations are presented for the Solar Neighbourhood ISRF and a heating 
radiation held 10"^ x ISRF. The emission units are such that the integral of the 
curves over sizes is 1 for a size distribution with a constant mass per Log(N') bin. 



temperatures with the formal equilibrium temperature derived from equa- 
tion (5.3). For both radiation field intensities, the range of emission tem- 
peratures is the same for all particles with less than a few 10^ atoms. This 
represents the range of particle sizes, within the single photon heating limit, 
for which the emission spectrum scales with radiation field intensity. These 
particles give rise to the short wavelength part of the spectra in Figure 5 
which scale linearly with the radiation field intensity. 

Figure 7 shows the contribution of dust particles, per atom, to the emis- 
sion at 3.3, 12 and 25 pm as a function of the particle size as given by the 
number of atoms. The different size ranges are labeled according to the 
Désert et al. paper [29]: PAHs for the aromatic molecules, VSGs for very 
small carbon grains and Big Grains for silicates coated with carbon man- 
tles. Note that in the model the absorption and emission properties and 
the heat capacities are distinct for the three components. These differences 
explain the lack of continuity in the curves across size boundaries between 





270 



IR-Space Astronomy 



components. Figure 7 illustrates the range of sizes over which grains can 
contribute to the emission at a given wavelength. The emission in the L 
band (including the 3.3 /rm feature and the longer wavelength plateau) is 
dominated by particles with less than 100 atoms because larger particles 
never get hot enough to emit at these wavelengths. This directly reflects 
the sharp cut-off of the Wien part of the Planck function. For the 12 /im 
IRAS emission, the same cut-off occurs for ~ lO"* atoms. Note that these 
cut-offs depend to some extent on the assumed heat capacity. For the 25 /im 
emission the range of sizes is distinct between the two radiation fields con- 
sidered (ISRF and lO"* x ISRF). For the high radiation held the 25 /im 
emission is dominated by the Big grain emission while for the ISRF the 
same emission comes from small grains. This is an important fact to re- 
member when comparing spectra: the range of sizes of the particles emitting 
at a given wavelength depends on the radiation held intensity whenever the 
single photon heating limit does not apply. 



6 Dust composition as a function of size 

In this section, additional infrared and sub-millimetre observations of dust 
emission are reviewed which provide further insights into the composition 
of interstellar dust as a function of size. The populations of molecular 
sized particles and small grains are observed by their near- and mid-infrared 
emission bands which are discussed in Sections 6.1 and 6.2. The large grains 
are constrained by far-infrared and sub-millimetre continuum measurements 
which are examined in Section 6.3. 



6.1 Interstellar PAHs 

The set of infrared emission bands at 3.3, 6.2, 7.7, and 11.3 /tm are found 
in a wide range of interstellar environments in our Galaxy and in external 
galaxies. These prominent bands, which are observed as a family, are often 
seen with additional, weaker features at 3.4, 5.25, 6.9, 10.5, and 12.7 /im. 
We give to the carriers of these dust emission bands the generic name of 
interstellar PAHs because these bands are widely considered to be char- 
acteristic of C-C and C-H aromatic hydrocarbons. We also refer to the 
emission features as PAH bands. The precise nature of interstellar PAHs is 
still a matter of debate since we will see that most of them could be much 
larger than the Polycyclic Aromatic molecules originally proposed by Léger 
and Puget, and Allamandola et al. [27,28]. A large body of ISO observa- 
tions has been devoted to the study of the interstellar medium in the PAH 
bands. We review some of it in this section. 
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6.1.1 Small aromatic hydrocarbons in cirrus 

Before ISO, little spectroscopic data on the PAH bands was available outside 
bright compact objects which could be observed from the ground and from 
the KAO. With ISO & wealth of mid-infrared spectroscopic data are avail- 
able for a wide range of environments including Photodissociation Regions 
(PDRs), the diffuse Galactic emission and cirrus clouds. An important goal 
of the ISO observations of the mid-infrared emission was to verify that the 
12 fj,m diffuse emission measured by IRAS was associated with the PAH 
emission features. 

Two mid-infrared ISOCAM spectra of nearby cirrus clouds, an H I cloud 
in Polaris and the edge of a translucent cloud in Chamaeleon, DC300— 17, 
are presented in Figure 8. In Figure 9 the Chamaeleon spectrum is compared 
with that of the diffuse Galactic emission measured at Galactic longitude 
and latitude, I = 30° and b = 3°, and that of brighter PDRs. The presence 
of the set of emission features considered to be characteristic of C-C and 
C-H bonds in aromatic hydrocarbons in the Galactic line of sight {I = 
30°, 6 = 3°) and the local cirrus clouds establishes the existence of small 
aromatic hydrogenated particles in the general interstellar medium. The 
shape of the spectrum is observed to be remarkably constant over three 
orders of magnitude in emission intensity from the Chamaeleon spectrum 
to the reflection nebula NGC 7023. The independence of the spectral shape 
from the radiation intensity is a spectacular observational confirmation that 
the emission is coming from particles small enough to be heated by single 
photon absorptions. Based in Figure 7, this observational result constrains 
the sizes of the emitting particles to be less than a few 10^ atoms. The 
absence of a silicate feature in emission around 10 /rm in any of these spectra 
rules out the existence of a comparable population of small silicate grains 
in the interstellar medium. 

6.1.2 Excitation by stellar light 

The ISOCAM spectra can be very accurately fit by a set of five Lorentz 
curves centered at the position of the 6.2, 7.7, 8.6, 11.3 and 12.7 /rm fea- 
tures [37] - see Figure 12 and discussion in Section 6.1.4. The Lorentz fits 
provide a valuable mean of quantifying and comparing the spectra. Feature 
intensities measured with such fits scale with estimates of the stellar radi- 
ation density from Ghamaeleon to the Ophiuchus West interface (Fig. 10). 
The emission for a well defined type of object, i.e. the edges of dense 
molecular clouds which absorb the external UV radiation, is thus shown to 
scale with the radiation energy density. This result demonstrates observa- 
tionally that the particles are excited by stellar light. At higher radiation 
fields, the NGG 7023 and the M 17 data points are somewhat below the 
linear extrapolation of the other PDRs. This could be an indication of a 
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Fig. 8. ISOCAM spectra obtained for the translucent cloud DC300— 17 in 
Chamaeleon and an H I cloud in Polaris. Both clouds are heated by the Solar 
Neighbourhood ISRF. 



decreased abundance of small dust particles at high radiation fields. How- 
ever, NGC 7023 and M 17 are also more distant objects than Ophiuchus 
and Chamaeleon and we can not exclude the possibility that some of the 
observed decrease in intensity could be accounted for by beam dilution. 
The PDRs considered in Figure 10 are all excited by hot stars with spectra 
dominated by ultraviolet photons. The detection of the aromatic features 
in environments with low ultraviolet radiation, e.g., in M 31 [38] and in 
the reflection nebula vdB 133 [39] show that interstellar PAHs can also be 
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Fig. 9. The ISOCAM Chamaeleon spectrum (bottom, from Fig. 8) is compared 
with that of the Galactic diffuse emission at / = 30°, 6 = 3° and spectra of 
several PDRs with increasing radiation field. For each PDR, the selected line of 
sight corresponds to the position where the mid-infrared emission peaks. Oph N, 
corresponds to the northern edge of the Ophiuchus molecular cloud heated by the 
p Oph star [25]. The second PDR, Oph W, corresponds to the long filament to 
the west of the Ophiuchus cloud in the large mosaic of ISO images presented by 
Abergel et al. [36]. This PDR is heated by the B2IV star HD 147889 located 
10' to the South-West of the interface. The last two PDRs are the well known 
NGC 7023 reflection nebula and M17-SW molecular cloud-H II region interface. 
The top spectrum is that of the M17 H II region. The main features on this 
last spectrum are atomic fine structure emission lines from the gas, i.e. [Ar III] 
(9.0 pm), [S IV] (10.5 pm), [Ne II] (12.8 pm) and [Ne 111] (15.6 pm). 
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Fig. 10. Intensities of the main PAH emission features at 6.2, 7.7, 8.6, 11.3 and 
12.7 /rm for a set of PDRs are plotted against the ultraviolet radiation field density 
(given in units of the Solar Neighbourhood ISRF). The dotted line corresponds 
to a linear scaling of the feature intensities with the radiation field intensity. For 
M 17, we did not plot the 12.7 /rm data point because this emission feature is 
blended with the 12.8 /rm [Ne II] line. 

excited by visible photons and not uniquely by ultraviolet photons. While 
the vdB 133 spectrum looks very much like the spectra presented here, the 
emission spectra in the nucleus and disc of M 31 are odd since they are 
completely dominated by the 11.3 /xm feature. 

6.1.3 Carbon abundance in PAHs 

Current estimates of the abundance of carbon in small aromatic 
hydrocarbons are derived from the mean Solar Neighbourhood 12 /xm emis- 
sion per hydrogen derived from the IRAS data [21]. The ISO spectra have 
validated the bolometric correction, used at that time, to estimate the emis- 
sion in the 2—15 /xm wavelength range from the 12 /xm IRAS flux. Based 
on the ISOCAM spectra in Figure 3 and the L band (3 — 4 /xm) measure- 
ments of DIRBE [23,26,30], we find that 1(2 — 15 pan) = 1.5 1^11,(12 /xm) = 
1.6 X 10“°° W/(H atom), very close to the value of 1.5 x 10“°° W/(H atom) 
in [21]. The emission measured by DIRBE in the 3 — 4 pan wavelength range 
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accounts for only 5% of this integrated emission. From laboratory data, 
the mean absorption of stellar photons by PAHs has been estimated to be 
2.3 X 10“^^ W/(C atom) for the Solar Neighbourhood ISRF [40]. Combining 
these numbers, we get an abundance of carbon in small aromatic hydrocar- 
bons of 7.0 X 10“®, i.e. 19% of the solar abundance or 30% of the B star 
carbon abundance. Note that this number is directly dependent on the 
assumed absorption cross section for PAHs in the ultraviolet and visible. 
The PAH mean absorption cross section used here is somewhat higher than 
that of small graphite grains, 1.9 x 10“^^W/(C atom) [41]. 

Besides the overall carbon abundance which enters into the global bud- 
get of carbon in space, it is important to be able to determine the shape 
of the size distribution of small dust particles. This is obviously key infor- 
mation which would help in the search for laboratory analogues. Further, 
it is important to know if there is a gap and/or abundance discontinuity 
between the PAH molecules and the grains. Such a discontinuity is not 
expected if the smallest dust particles are a product of fragmentation of 
larger grains, but it might exist if PAHs grow by the accretion of carbon 
atoms. Figure 11 shows the size distribution of PAHs and small carbon 
grains derived from the models of Désert et al, Schutte et al, and Dwek 
et al [29,30,35]. The large differences in the size distributions result from 
differences in the assumed properties of the dust particles and their absorp- 
tion cross section in the ultraviolet and visible. Based on these results, the 
shape of the size distribution for the small dust particles presently appears 
to be poorly constrained. With the ISO spectroscopic data and a careful 
review of experimental data it should be possible to better constrain the 
small grain size distribution. 

ISO has also enabled the detection of the 6.2 /rm aromatic feature band 
in absorption in a few sources [42]. Based on the lack of correlation with the 
H 2 O, CO and CO 2 ice features, the 6.2 /xm absorption feature is thought 
to be associated with the diffuse medium rather than with dense molecular 
clouds. Since this band is observed to be much weaker for neutral PAHs, its 
detection implies that PAHs should be mostly cations in the diffuse medium. 
In this case, an abundance similar to that derived from the PAH emission 
features would account for the observed absorption band. The particles seen 
in absorption could thus be the same as those seen in emission. 

6.1.4 Band profiles 

The interpretation of the mid-infrared band profiles is a matter of debate due 
to the present uncertainties on the nature of interstellar PAHs. Figure 12 
shows that the bands are well fitted by Lorentz profiles. If Lorentz profiles 
are replaced by Gaussian profiles, an equally good fit can be obtained, but 
requires the introduction of two broad bands. One below the 6.2, 7.7, 8.6 /xm 
features and another below those at 11.3 and 12.7 /xm [37]. 
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Fig. 11. Size distribution of PAHs and small carbon grains derived from the 
models of Désert et al., Schutte et al., and Dwek et al. [29,30,35]. The grain 
abundances are expressed as the number of carbon atoms per hydrogen atom. For 
the three models, the size distributions have been inferred by fitting a spectral 
energy distribution of the diffuse emission spectrum similar to that presented in 
Figure 3. 



The fact that the bands are well described as wide Lorentz profiles can be 
related to the physics of the emission of large molecules at high temperatures 
[32,43]. When a large amount of energy is present in a large molecule, the 
density of vibrationally excited states is high and the exchange of excitation 
between the possible states is very fast [32]. This process, known as Internal 
Vibrational Redistribution (IVR), occurs on time-scales much shorter than 
the radiative cooling time which is of the order of seconds. The excited 
levels of a given vibrational mode are continuously populated and emptied 
by non-radiative transfer of the energy to other modes. With this short 
life-time there is an associated natural width for the energy level as is the 
case for an atom. 

The broadening of energy levels by IVR has been demonstrated in labo- 
ratory experiments to be a general property of molecules with many atoms. 
The experimental study of Joblin et al. [44] shows that this applies to PAH 
molecules. In this study, the width of the emission bands of well studied 
PAH molecules, such as coronene, have been measured to be in the range 
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Fig. 12. Lorentz decomposition of mid-infrared dust emission bands in the ISO- 
CAM spectra of two PDRs in Ophiuchus and NGC 7023. Figure from [37]. 



10 — 30 cm“^ at about 700 K. This is much larger than the width measured 
for cold PAH molecules in cryogenic matrices. This experiment also shows 
that the central frequency and width of the energy transition varies with 
the internal temperature. 
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The fitting of the PAH emission bands by Lorentz profiles has recently 
been extended to higher resolution spectra obtained with ISO-SWS [45]. 
This study shows that it is possible to account for the band shape by ex- 
trapolating the results of Joblin et al. to the full size distribution of PAH 
molecules. In this interpretation, the feature widths are intrinsic to the 
emitting particles and not the result of a blend of narrower features shifted 
with respect to one another. This relies on the strong assumption that the 
band positions and widths of the features are the same for all interstellar 
PAHs. This assumption is at odds with experimental data on small (less 
than 50 carbon atoms) PAH molecules which indicate large variations in 
the band positions from molecule to molecule. It could apply to larger 
molecules for which boundary effects and specific symmetries might not 
much affect the spectroscopic properties. Note, however, that this is not 
true for amorphous solids where the feature widths are related to differ- 
ences in the vibrational frequencies among the many contributing sites. If 
interstellar PAHs have sizes up to a few 10^ atoms, they are particles in- 
termediate in size between molecules and solids. The properties of matter 
at these nanometre size scales is presently poorly known and it is not clear 
to what extent molecular or solid-state properties can be extrapolated to 
these intermediate sizes. 

This discussion on band profiles shows that even with the large ISO 
spectroscopic data base at hand, the key question of the nature of inter- 
stellar grains will not be answered without the spectra of laboratory ana- 
logues matching the astrophysical features. Experimental efforts made to 
find such analogues start from both the molecular and solid state points of 
view. The carriers of the mid-infrared bands might be much larger than 
the PAH molecules studied in the laboratory [46] as well as much smaller 
than the smallest carbon grains produced by synthesis experiments such as 
laser pyrolysis of acetylene [47]. The constancy of the central wavelengths 
and widths of the interstellar features in the observed spectra is a remark- 
able characteristic which contrasts with the great variations observed in the 
laboratory for small PAHs (molecules with less than a few tens of atoms). 
To match the Orion bar mid-infrared spectrum Allamandola et al. [48] had 
to propose a very specific mixture of selected PAH cations. In view of the 
remarkable stability of the interstellar features positions and widths over 
a wide range of environments, such a specific solution appears unsatisfac- 
tory. An original solution to the constancy of spectral properties has been 
suggested by Jones & d’Hendecourt [49]. These authors associate the mid- 
infrared bands with the vibrations of aromatic C-C and C-H bonds at the 
surface of nano-diamonds which represent a stable form for carbon particles 
containing several hundreds of atoms. The carbon atoms at the surface of 
nano-diamonds are thought to have aromatic structures analogous to PAHs 
but are associated with 3D particles [49] . 
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Fig. 13. Absorption spectra of a deposit obtained by laser pyrolysis of acetylene 
[50]. The top spectrum (labeled brut de synthèse) corresponds to the original 
product of the synthesis. The subsequent spectra are those obtained after re- 
heating (recuit) at various temperatures. Note the decrease with heating of the C- 
H features below 1000 cm“'^ and above 3000 cm“^. A baseline has been subtracted 
from all spectra. 



The synthesis of small carbon grains from laser pyrolysis of acetylene 
illustrates a different experimental route towards the identification of in- 
terstellar carbon particles. The particles produced in such a pyrolysis 
experiment are thought to be carbon clusters with variable degrees of 
hydrogenation and carbon atoms in mixed hybridisation states, which can 
be viewed as aggregates of PAHs and aliphatic carbons. The degree of 
hydrogenation and aromaticity can be controlled by the temperature and 
duration of the pyrolysis and subsequent heating. Spectra obtained for 
such particles produced in a pyrolysis experiment are shown in Figure 13. 
Despite some similarities, the laboratory spectra do not fully match inter- 
stellar features. In particular, the bright peak near 1450 cm“^ (6.9 /rm) is 
not seen or very weak in the interstellar spectra while the 7.7 /im interstellar 
feature does not appear in the laboratory spectra. 

While the comparison of these nano-particles experiments to interstellar 
PAHs relies on the extrapolation of the observed spectroscopic properties 
to a much smaller number of atoms, the results presented in Figure 13 
might directly apply to the spectra of excited objects where the sizes of the 
emitting particles are more comparable to those of the particles produced 
in the laboratory. 
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6.2 Very small grains 

Carbon dust features in interstellar medium spectra are concentrated in the 
mid-infrared. In regions with low to moderate radiation fields up to ~ 10^ 
times the Solar Neighbourhood ISRF only the smallest dust particles with 
less than a few 10^ atoms can contribute to the mid-infrared bands. The 
larger particles are too cold to emit at these wavelengths. Model calculations 
such as those illustrated in Figure 7 show that this is no longer the case for 
the intense radiation fields present in the M 17 PDR and H II region (Fig. 9) 
and the most excited compact H II regions (Fig. 14). In these objects, 
we believe that particles larger than interstellar PAHs (the carriers of the 
mid-infrared emission bands in the general interstellar medium) are seen 
in emission and possibly contribute to the observed emission features. In 
particular, we believe that such grains (the VSGs in the Désert et al. model) 
account for the continuum emission rising towards longer wavelengths seen 
in highly excited environments. The fact that the standard mid-infrared 
emission features are seen with little contrast in these objects probably 
indicates that PAHs are to a large extent destroyed. 

The mid-infrared spectra of H II regions display spectral features which 
are also different from the standard mid-infrared emission features - see 
Figure 14. Whereas the spectra clearly show the characteristic C — C stretch 
(at 6.2 and 7.7 /im) and the C-H bending mode features at 8.6 and 11.3 /im 
of small aromatic compounds, the relative strengths of the bands vary sig- 
nificantly from source to source. In particular, the 7. 7/8. 6 band ratio ranges 
from 0.6 to ~ 6. In some cases, the 6.2 /xm band is very strong, such as 
for IRAS 23133-1-6050 - see spectrum (j) in Figure 14. As can be seen in 
Figure 14, the strongest 8.6 /xm bands are present in the H II regions with 
the strongest mid-infrared continua and high excitation atomic fine struc- 
ture lines ([S IV] and [Ar III]) supporting the idea that the carriers of these 
bands are the grains responsible for the strong mid-infrared continuum. 
Similar results are derived in the case of the H II region/Photodissociation 
interface in M 17 [53,54]. Some spectral features in excited objects could 
thus be associated with very small carbon grains larger in size than the 
carriers of the mid-infrared emission bands. This could give some insight 
into their nature and possible relationship with the smallest dust parti- 
cles. We note here that some of the spectral characteristics observed in 
H II regions share similarities with the features observed for anthracite and 
Hydrogenated Amorphous Carbons (HACs) [55]. The presence of a signifi- 
cant population of small silicate grains seems excluded by the fact that the 
silicate feature at 9.6 /xm is seen in emission only very close to very lumi- 
nous stars {e.g., the Trapezium stars in Orion [56]) where the equilibrium 
temperatures of large dust grains are sufficiently high for large grains to 
emit in the mid-infrared. 
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Fig. 14. The 5 — 13 /xm ISO-SWS spectra of compact H II regions showing 
the shapes of the PAH features (identified in the figure) and variation of the 
relative intensities from source to source. No continuum has been subtracted. The 
sources are as follows: (a) IRAS 19207+1410 (5), (b) IRAS 18502+0051 (40), (c) 
IRAS 17279-3350 (80), (d) IRAS 17221-3619 (110), (e) IRAS 23030+5958 (140), 
(f) IRAS 22308+5812 (180), (g) IRAS 18116-1646 (210), (h) IRAS 12063-6259 
(240), (i) IRAS 10589-6034 (280), (j) IRAS 23133+6050 (310), (k) DR 21, (1) 
IRAS 19442+2427 (10), (m) IRAS 18162-2048 (35), (n) IRAS 17455-2800 (60), 
(o) IRAS 15384-5348 (85), (p) IRAS 15502-5302, (q) IRAS 18434-0242 (140), 
and (r) IRAS 12073—6233 (170). The numbers given in brackets are the additive 
factors (in Jy) which are used for display purposes. The spectra are ordered by 
increasing strength of the continuum from bottom to top and from the left to the 
right panel. Prom [51] and Peeters et al. (in preparation). 



6.3 Large grains 

The emission from large grains in the sub-millimetre is very important in 
tracing interstellar matter because it is in this part of the spectrum that 
the emission intensity is less sensitive to the temperature of the grains. 
In the Rayleigh- Jeans approximation where the emission scales lineary with 
grain temperature it is formally possible to derive the dust emissivity from 
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a fit of the emission spectrum with a single temperature represents the dust 
temperature averaged over all grain sizes and types. The long wavelength 
emissivity of dust is known to depend on the nature of the grains, their 
structure {e.g., porous, amorphous/crytalline) and also their temperature. 

In Figure 3, the long wavelengths (A > 200 /xm) part of the emission 
spectrum from the high latitude H I clouds is well fit by a single Planck 
curve with an emissivity proportional to and Tjust = 17.5 K [25]. The 
most recent determination of the dust emissivity per H atom takes into 
account the contribution from the Warm Ionized Medium (WIM) to the 
infrared/H I correlation analysis [57]. Its value ta/TVh = (8.7 ± 0.9) x 
10“^® (A/250 /xm)“^cm^ for A > 250 /xm, is remarkably close to the value 
obtained for a mixture of compact graphite and silicate grains [20] (MRN 
model - see Sect. 4) and is much smaller than values predicted for porous or 
fractal grains [58,59]. Note that the good fit obtained with one single tem- 
perature does not fully represent the emission from large grains. A range of 
temperatures due to the slight dependence of equilibrium temperature on 
grain size; it is important to fit the emission peak around 150 /xm [30]. In the 
MRN model most of the far-infrared emission is associated with graphite 
grains which are warmer than the silicate dust. Since the existence of crys- 
talline graphite grains in interstellar space is questionable this might not be 
the right intrepretation. Jones [60] has recently argued that it is necessary 
to take into account experimental data on the temperature dependence of 
dust emissivities to model the sub-millimetre emission of interstellar dust. 
In doing this, it is shown that the sub-millimetre spectrum of the diffuse 
medium could also be explained by a mixture of amorphous silicates and 
carbon grains [60] and that, contrary to the results obtained with the MRN 
model, most of the emission comes from silicates. In this fit, 90% of the 
dust mass is in large silicate grains. Most of the carbon in dust could thus 
be in small dust grains. 



7 Dust processing in the interstellar medium 

In the interstellar medium, dust is subject to processing in a variety of en- 
vironments. In the low density interstellar medium, dust is stochastically 
exposed to the effects of supernova shock waves, extreme environments that 
lead to the erosion of some of the dust mass into the gas phase and the pro- 
cessing of the dust size distribution due to high energy collisions between 
grains. In molecular clouds, where the dense matter is shielded from the 
effects of radiation, the refractory cores of the grains can accrete atoms and 
molecules and build ice mantles. The detection of the infrared absorption 
bands from simple frozen molecules such as H 2 O, CO or CO 2 in dense gas 
is a direct proof that such a process does take place in these environments. 
Additionally, in dense regions collisions between grains at low velocities can 
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lead to their sticking together to form larger grains, the process of coagula- 
tion. Coagulation is probably aided by the accretion of “soft” ice mantles 
which increase the likelihood of sticking in a given grain-grain collision. 
The processes of accretion and coagulation are competing with desorption 
processes which are poorly known experimentally. 

In the following two sections, we will describe the physical processes 
occuring in the low density interstellar medium (grain sputtering and shat- 
tering in shock waves) and in the dense gas in molecular clouds (grain 
growth processes). The observational evidence for the dust destruction in 
the interstellar medium is provided in Section 7.1.2. Section 7.2.2 describes 
the evolution of the solid matter in translucent clouds and Section 7.2.3 the 
processing of dust at the surface of molecular clouds. The nature of dust in 
the neighbourhood of protostars will be presented in Section 8. 

7.1 Grain sputtering and shattering in shock waves 

7.1.1 Physical processes 

In shock waves, energetic grain-grain collisions and collisions between gas 
atoms/ions and dust grains lead to the loss of grain mass to the gas, and 
to changes in the grain size distribution. In Figure 15, we show the shock 
structure and postshock grain velocities for a 100 km s“^ shock traversing 
the warm intercloud phase of the interstellar medium [62,63]. The shock 
parameters are shown as a function of the shocked column of gas behind 
the shock, A^h = '«■h.o "Cshock t, where, riH,o is the density of the gas prior to 
the arrival of the shock, Wshock is the velocity of the shock, and t is the time 
after the arrival of the shock. In a shock, and in the interstellar medium in 
general, the dust particles are charged and in the hot gas behind a shock 
wave they gyrate around the magnetic field lines, a process that is called 
betatron acceleration. As the gas heated by the shock cools and compresses, 
the magnetic field increases, which in turn leads to the increased gyration 
speeds of the grains through the gas. In Figure 15, two stages of betatron 
acceleration can be seen, each associated with increasing gas density, at 
shock column densities of lO^"* — 10^^ and 3 x 10^® — 3 x lO^’^cm”^. The 
betatron acceleration of the grains in a shock wave is opposed by collisions of 
the grains with the gas and also by plasma drag of the ions on the charged 
grains. These forces try to bring the grains to rest with respect to the 
gas which is moving at 1/4 of the shock speed in the frame of reference 
of the shock front. The grains, which carry more momentum than the gas 
phase particles are not instantly swept-up by the shock, as is the gas. Hence, 
immediately behind a shock the grains are moving at a velocity of 3/4 of the 
shock speed with respect to the shocked gas. At the highest grain velocities 
shown in Figure 15 the dominant drag force is that due to collisions with 
the gas, and this varies as (ap)~^, where a is the grain radius and p is the 
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Fig. 15. 100 km shock profile (temperature, T 4 = Tk/lO"^ K, density, nn 
(cm“®), and electron relative abundance, Ae) as a function of the shocked column 
density, Ah = u-h,o fshock t - see text. Also shown in the lower plot are the graphite 
grain velocities as a function of the shocked column density for three grain radii. 



grain material density. Thus, small and low-density grains are least affected 
by betatron acceleration, because they are rapidly swept-up by the gas, and 
therefore these grains will be most resistant to the destructive effects of 
shocks. 

High energy collisions between the gas atoms/ions and the grains in a 
shock wave results in the sputtering of the grain surfaces, i.e., the erosion 
of their surfaces by the energetic collision of atoms and ions which remove 
surface species. The sputtering yield is defined as the number of surface 
atoms removed per incident atom/ion, and is less than 1. This therefore 
implies that many of the incident atoms/ions may be implanted into the 
grain surfaces and alter their grain structure if of sufficiently high energy. 
The sputtering process may be thermal, due the high random kinetic veloc- 
ities of the atoms and ions in the hot postshock gas, or inertial, due to the 
relative velocity of the betatron-accelerated grains with respect to the gas. 
The latter sputtering process is often referred to as non-thermal sputtering, 
but the term inertial sputtering is actually more descriptive of the process. 

Differential grain-grain velocities arise from the {ap)~^ size and grain 
density dependence of the collisional drag of the gas atoms/ions on the 
grains. Also, the grains are gyrating around the magnetic field lines and 
even without these drag effects the grains would have differential velocities. 





F. Boulanger et al.: Interstellar Dust 



285 



In general, for the regions of a shock where grain destruction occurs, the 
velocity differential between grains increases with the difference in their 
radii (see Fig. 15). Grain-grain collisions can lead both to vaporization, 
the transfer of grain mass to the gas as atoms/ions, and to shattering, 
the break-up of the colliding grains into smaller fragments. The velocity 
thresholds for vaporization and shattering are typically of order 20 km s“^ 
and 2 km respectively [62,64]. The effects of shattering dominate over 
those of vaporization, and can lead to major redistributions of the grain 
mass [64,65]. 

There have been many theoretical studies of the effects of supernova 
shock waves on interstellar dust [62-71]. These theoretical studies have 
focused on the effects of steady state, radiative, J-type shocks on the dust in 
the warm interstellar medium. A J-type shock is one in which the physical 
conditions across the shock front, between the pre-shock and post-shock 
gas, are assumed to “jump” instantaneously at this front, hence the name 
J-type shock. The radiative state of the shock refers to the fact that the 
downstream shocked gas has time to cool significantly by radiative emission 
from atomic, ionic and molecular species in the gas. This is generally the 
case for shocks with velocities less that a few hundred km s“^. As discussed 
above, it is in the warm medium where interstellar grain destruction by 
supernova shocks predominates. 

In the most recent calculations [62,64] the assumed preshock conditions 
were; density nn = 0.25 cm“^, kinetic temperature Tk = 8000 K, an inter- 
stellar magnetic field Bq = 3 /xG normal to the shock front, and an initial 
MRN power law size distribution for graphite and silicate grains [19]. In 
these calculations the effects of thermal and inertial sputtering, and va- 
porization and fragmentation in grain-grain collisions were considered for a 
range of shock velocities (ushock = 50 — 200 km s“^). Figure 16 shows the 
effects of shocks on the interstellar grain size distribution as a function of 
the shock velocity, and clearly shows the dominant effect of grain shattering 
in redistributing the mass in large grains (a > 500 Â, i.e. —5.3 in Log cm) 
into smaller fragments. 

In general the probability that interstellar grains survive the passage of 
a supernova shock wave depends on their size. Large grains (a > 1000 Â) 
have a relatively high probability of surviving the passage of a 50 km s“^ 
shock, but the probability of survival decreases rapidly with increasing shock 
velocity. 

The time-scale tsNR for supernova shock waves to destroy the entire 
interstellar dust mass {i.e., to return the grain mass to the gas phase as 
atoms) in all phases of the interstellar medium is given by [61]: 

_ 9.7 X 10^ 

f e(v,r)/v^ydvs7 



(7.1) 
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Fig. 16. Graphite grain initial MRN size distribntion (solid), and postshock size 
distributions for shock velocities of 50 km s”*^ (dotted), 100 km s“^ (long-dashed), 
and 200 km s“^ (short-dashed). The preshock MRN size distribution ranges from 
50 Â to 2500 Â, i.e. —6.3 to —4.6 in log radius (cm). 



where Vs 7 is the shock velocity (in units of 100 km s ^) , and e(t's 7 ) is the 
efficiency of grain destruction for a shock of velocity Vsr- 

From calculated grain destruction data, and analytical expressions for 
e(vsr), the time scales to destroy interstellar dust are found to be tsNR 
~ 6 X 10® years and ~ 4 x 10® years for graphite and silicate grains, re- 
spectively [64]. In high velocity (> 250 km s“^) shocks erosion by thermal 
sputtering removes a layer of equal depth, Aa, from all grains and, thus, 
small grains (< 500 Â) are preferentially destroyed in fast shocks. While 
high velocity shocks are very infrequent (once every ~ 6 x 10® yr), they can 
essentially completely destroy all grains with sizes less than Aa. For large 
grains, betatron acceleration is important and shocks at all velocities con- 
tribute about equally to their destruction. In this case, the small fraction de- 
stroyed by a single low velocity shock is compensated for by the much higher 
frequency of low velocity shocks. The average time between shocks of veloc- 
ity Vs 7 is given by 10®Wg7 years [72]. In earlier studies, that did not include 
the effects of shattering, large grain destruction was dominated by vapor- 
ization in grain-grain collisions in low velocity shocks (righock = 50 km s“^), 
and by sputtering in higher velocity shocks. In the later models large 
grains are shattered in grain-grain collisions in the surface layers of shocks 
(50 km s“^ < Wshock < 200 km s“^). In high velocity shocks (r^shock > 
200 km s“^) the increased surface area to mass ratio, due to the 
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fragmentation of the large grains, leads to much greater destruction by 
thermal sputtering in the hot postshock gas, compared to the earlier mod- 
els without shattering. 

The inclusion of shattering into the scheme of things increases the de- 
rived grain lifetimes slightly, compared to calculations without shattering, 
because the large grains are shattered into smaller particles that survive bet- 
ter in shocks. However, shattering leads to the almost complete elimination 
of large grains (a > 1000 Â) in a fast shock. The timescale to fragment all 
large grains in the interstellar medium into sub-500 Â fragments in grain- 
grain collisions in shock waves are about an order of magnitude shorter 
than the destruction time-scales [64]. Shattering in grain-grain collisions, 
however, adds a new problem because visual extinction measurements show 
that most of the mass in interstellar dust is in large grains (radii > 1000 Â). 
This implies that large interstellar grains must reform in the interstellar 
medium. This can occur by the condensation of volatile gas phase species 
onto grain surfaces (accretion), or by the coagulation of the grains into large 
porous structures - see Section 7.2. 



7.1.2 Observations 

The efficiency of the destruction of dust in low density interstellar medium 
components is well demonstrated by the large variations of depletions be- 
tween the different phases of the interstellar medium [12]. It is however 
much more difficult to gather observational support for the effect of grain 
destruction on the size distribution because the contribution of the warm 
phases of the interstellar medium to the sky infrared emission is faint and 
difficult to separate from the contribution of diffuse clouds. First attempts 
to determine the spectral energy distribution of the infrared emission from 
the warm interstellar medium have recently been published [57]. These 
studies do not yet allow us to reliably conclude that the dust destruction 
enhances the abundance of small dust grains. 

The velocity threshold for grain shattering in grain-grain collisions might 
be as low as 1km s“^ [64]. Since this velocity is typical of the rela- 
tive motions between dust particles induced by turbulent motions in cirrus 
clouds [73], grain shattering could also be an effective process to form small 
particles within interstellar clouds. Analysis of ISOCAM images of atomic 
cirrus clouds show that the small grain abundance varies significantly among 
the cloud velocity components as identified through H I observations [74]. 
These results could be the first observational evidence for the impact of 
interstellar turbulence on the size distribution of dust grains. 
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7.2 Grain growth in molecular clouds 
7.2.1 Physical processes 

Two processes can lead to the increase in size and mass of grains in in- 
terstellar clouds: i) coagulation where two low velocity grains collide and 
stick together, and ii) the formation of an ice mantle around the refractory 
core via physical or chemical adsorption. The first process will form porous 
grains consisting of various refractory sub-grains of different composition, 
whereas the second process will accrete the abundant species, mainly H, O, 
C and N, onto grain surfaces. 

At low velocities, grain-grain collisions may result in coagulation of the 
colliding grains. The sticking of refractory grains will depend on the natures 
of their surfaces. The time-scale for the collision between large grains is 
tcoii ~ (10^°/nH) X (<5udust/(0.1km s“^)) years [75,76], where Svdust is the 
relative dust velocity. For a cloud density nn of 10^cm“^ and a relative 
dust velocity of 0.1 kms“^, tcoii ~ 10^ yr indicating that coagulation can be 
important in dense interstellar clouds and change the grain size distribution 
[75]. The main physical mechanism which drives the coagulation of grains 
in interstellar clouds is believed to be turbulent motions [76-78]. Note 
that for small grains tcoii will be shorter due to their higher abundance 
(see [76]). The principal uncertainty in the coagulation process is whether 
or not the colliding grains will stick together. In dense regions, coagulation 
will be aided by the accretion of ice mantles [79]. In the interstellar medium, 
coagulation is a process by which grains of different compositions, such as 
silicates and carbon particles, can stick together to form composite grains 
which can have layers of ice mantles in the denser regions. 

The basic physical and chemical processes involved in the formation 
of ice mantles around refractory cores in dense gas have been reviewed 
in detail in the papers by Watson [80] and Tielens & Allamandola [81]. 
Gas phase species impinging on the surface of a grain can be bonded by 
physical or chemical adsorption. In physical adsorption, the interaction 
is due to weak van der Waals forces (< 0.1 eV), i.e. the attractive force 
is due to interaction of the dipole of the adsorbed species and the grain 
surface. In the case of chemical bonding (chemisorption), the attachment 
involves chemical bond formation and the binding energy (~ 0.5 — 5eV) is 
accordingly much higher than for physical adsorption. If the surface of the 
grain is disordered, as in the case of amorphous grains, the surface structure 
will have lattice defects and impurities which will both influence the physical 
adsorption and enhance the chemical reactivity [81]. Physical adsorption 
acts over a longer range than chemical adsorption. Species approaching 
a grain surface will first encounter the physical adsorption potential well 
and then the deeper well associated with chemical bonding. For atoms, 
there is no barrier for adsorption and, if active sites are available, the atoms 
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can chemically bond to the surface. This is the dominant process in the 
diffuse interstellar medium when atomic species encounter refractory grain 
surfaces, e.g., silicate or carbon. When all chemical adsorption sites are 
occupied, the incident species will be physically adsorbed at the surface. For 
molecules, there is an activation barrier to adsorption since bonds have to 
be broken or modified and the chemical adsorption of molecules is probably 
unimportant in interstellar clouds where the temperatures are low. In the 
dense interstellar medium, molecular species which collide with a grain (with 
or without ice mantles) will be physically adsorbed. 

The probability that an atom or molecule will stick to the surface of 
a grain depends on the ratio of the translational energy of the incident 
species to the adsorption energy, and also on the efficiency with which the 
kinetic energy is transferred to the grain surface, i.e. it depends both on 
the properties of the grain surface and on the gas and dust temperatures. 
This probability is described by the sticking coefficient, S. Theoretical 
calculations of the sticking probability have been performed for a number 
of abundant atoms and likely grain surfaces. The first estimates of the 
sticking efficiency in the astrophysical context were made by Hollenbach 
and Salpeter [82]. 

The time-scale for grains to accrete species from the gas phase is given by 
tacc = {STra'^riiv)~^ where S is the sticking coefficient, a is the grain radius, 
Tii is the density of the species in the gas phase (typically 10“® — lO”"* x nn, 
where nn is the density of the medium) and v their average velocity, tacc 
can be rewritten in terms of the mean geometric cross section per hydrogen 
atom, Sg, which is equal to 1.1 x 10“^^cm^H“^ for the MRN dust model 
(Sect. 4). Adopting v = lkms“^ (a typical velocity corresponding to the 
gas phase thermal velocity), 

^acc(years) = 3 x 10^ (lO"* cm^^/nn) (1/S')(1.1 x 10“^^cm“^ H“^/Sg) 

- see [76]. For typical densities in molecular clouds, tacc is small compared 
to the time-scale for an adsorbed species to evaporate. The evaporation 
time is proportional to exp(e/fcr< 3 ), where e is the binding energy and Tj is 
the dust temperature. For chemisorption, e (a few eV) is much larger than 
fcr <3 and chemisorbed species do not evaporate. For physical adsorption, 
the evaporation lifetime critically depends on the dust temperature since 
the binding energies for physical adsorption are small compared to fcT< 3 . 

Once accreted on grains, atoms and molecules can migrate on the sur- 
face (see discussion in [81]). This mobility is critical in initiating chemical 
reactions at the surface of the grain which acts both as a substrate and as a 
medium which can absorb energy. The reaction of hydrogen atoms at grains 
surfaces is the main route to the formation of the most abundant molecule 
in space, molecular hydrogen H 2 . When the H atoms recombine, part of 
the released energy is absorded by the grain surface and the newly formed 
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H 2 is ejected from the grain. The detailed chemical network of reactions 
occuring at the surface of grains depends on the time-scales involved in the 
migration, the accretion and the thermal evaporation at the grain surface. 

Following the initial condensation, the chemistry is driven by surface 
reactions through processing by ultraviolet photons, energetic ions (from 
cosmic rays) and desorption events (see below). The composition of ice 
mantles is thus sensitive to the evolutionary state of a molecular cloud. 
The composition of interstellar grain mantles has been calculated taking into 
account both the gas-phase chemistry and the surface reactions, e.g. [83-87]. 
In the cold environment of dense molecular clouds, surface reactions are 
an important source of molecules such as H 2 O, H 2 CO and CO 2 and the 
exact molecular composition depends on the conditions in the gas phase 
(see Sect. 8). 

At the edges of molecular clouds, where the extinction is low, or nearby 
newly formed massive young stars, ultraviolet radiation can alter the struc- 
ture and the chemical composition of the ice mantles through photolysis. 
Ultraviolet photolysis produces reactive radicals which can diffuse on the 
grain surface and react with adsorbed species to form new more complex 
organic molecules. This is demonstrated by laboratory experiments which 
have shown that ultraviolet photolysis of a mixture of H 2 O and organic 
species produces refractory organic residues {e.g., [88,89]). 

Inside molecular clouds, where the densities are high (10^ to 10® H 
atoms cm“®) and the matter is shielded from the radiation of the neigh- 
bouring stars by dust absorption at the edges of the clouds, the temperature 
of the refractory grains becomes low enough (~ 10 — 15 K) to allow the con- 
densation of the most abundant gas phase species onto their surface and the 
gradual build-up of an ice mantle. It follows from the above discussion that 
for dense molecular clouds the time-scale for the accretion of molecules onto 
the surface of interstellar grains is generally small (~ 10'^ — 10® yr) com- 
pared to the dynamical evolution of molecular clouds (~ 10® — 10^ yr) and 
to the time-scales for ion- molecule chemistry (~ lO’^yr). Since molecules 
are known to be present in the gas phase in dense, cold gas clouds, it is 
clear that mechanisms which return molecules to the gas phase must play 
a rôle in regulating the chemical evolution of molecular clouds. 

Desorption mechanisms include processes such as thermal evaporation, 
ejection upon formation, a process which is efficient in the case of the light 
molecule H 2 , photodesorption and release of stored chemical energy [80]. In 
the following, we will briefly summarize these processes. It should however 
be realised that the efficiencies of desorption mechanisms are still poorly 
constrained experimentally. 

Thermal evaporation is most efficient in the neighbourhood of luminous 
young stars due to strong radiation fields which heat the grains to tem- 
peratures above ~ 50K - see Section 8. Due to the different sublimation 
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temperatures of the ices (CO, CO 2 and H 2 O), such regions (the hot cores) 
are expected to be stratified in regions of changing ice mantle composition 
(see Fig. 20). The mechanism of thermal evaporation is not important in 
the general cold, dense interstellar medium. 

Photodesorption occurs when a molecule on the surface of the grain is 
electronically excited upon absorption of an ultraviolet photon. This mecha- 
nism is thus important for the low density interstellar medium, in particular, 
at the edges of molecular clouds. Ejection may then occur because of the 
electronic repulsion between the excited molecule on the surface and the 
nearby species. The efficiency of photodesorption will depend on the size 
of the excited molecule (in the sense of higher efficiencies if the species are 
smaller) but also on the nature of the species around the excited molecule, 
which can absorb part of the excitation energy. Following [90], for the 
average interstellar radiation field, photodesorption can keep the surface of 
a typical grain free from small molecules for extinctions corresponding to 
mag. 

The effect of cosmic rays, which can penetrate deeper into the molecular 
clouds, can also induce important chemical changes and structural damage 
to the ice mantle. When hit by a cosmic ray, H 2 molecules can be excited. 
The subsequent decay of electronic states of the H 2 molecule (by ultraviolet 
fluorescence) results in the local production of ultraviolet photons which 
can cause the dissociation of molecules and the ejection of adsorbed species 
from grain surfaces. Cosmic rays can also sublimate the molecules which are 
closest to the track of the energetical particles in the ice mantle, a process 
which is thought to be most efficient for the volatile molecules such as CO 
{e.g., [91]). 

The release of stored chemical energy (explosions generated by stored 
radicals) is a mechanism which is probably an important ejection process in 
dense gas. A detailed description of the explosive desorption has been given 
by Schutte & Greenberg [92] and references therein. The explosion takes 
place when grain is heated sufficiently by some process, such as cosmic ray 
bombardement or grain-grain collisions, which releases the potential chem- 
ical energy in the ice mantle. It should be noted that this transient heating 
becomes more efficient for the small grains. The efficiency of explosive des- 
orption is thus dependent on the grain size distribution [92]. In addition, 
the efficiency of this mechanism also depends on the efficiency of radical 
production on the grains surfaces inside dense molecular clouds. 

The fact that desorption mechanisms are selective is a key aspect of 
the evolution of grains and ice mantles in the interstellar medium. The 
most volatile species will be desorbed first leading to a gradual building 
of a mantle containing the most refractory species on the grain surface. 
If turbulence in dense molecular clouds circulates the grain material from 
the dense interiors to the surface, the competition between desorption and 
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accretion should have profound implications on the evolution of dust in the 
interstellar medium. 

7.2.2 Dust evolution in clouds 

The IRAS sky images first showed that the emission from aromatic hydro- 
carbons and very small grains at 12, 25 and 60 /rm, relative to that from 
large dust grains at 100 /xm, varies by one order of magnitude among and 
within translucent clouds in the nearby interstellar medium {e.g., [93]). In 
particular, emission from small particles is not detected towards the dense 
gas traced by the millimetre transitions of [94,95]. Models of the dust 
emission taking into account the radiative transfer of the stellar light heating 
the grains have shown that the IRAS colour variations observed in clouds of 
moderate opacities cannot be explained by the attenuation of the radiation 
field but trace changes in the abundance of aromatic hydrocarbons and very 
small particles between the diffuse and the dense gas [96] . Using the CORE 
data, the IRAS results on infrared colours have been extended to the entire 
dust emission spectrum, indicating that in the regions where the abundance 
of small dust particles is low, the equilibrium temperature of large grains 
is ~ 15 K, significantly lower than the “cirrus” value of 17.5 K [97]. Data 
at much higher angular resolution (a few arcminutes) obtained with the 
balloon-borne sub-millimetre instrument PRONAOS have led to the detec- 
tion of dense condensations in nearby clouds where the dust temperatures 
is as low as 12 K [98]. Similar cold condensations have also been found in 
the Polaris cloud at high Galactic latitude [99] . The analysis of the infrared 
emission thus indicates that dust is subject to important changes during 
the transition from diffuse to dense interstellar gas with the removal of the 
smallest grains. 

The important correlation between the abundance of very small grains 
and large grain temperatures is illustrated by the decomposition of a CORE 
FIRAS spectrum of the Chamaeleon complex of molecular clouds into its 
cold and warm components in Figure 17. The lower temperature of the big 
grain emission, in the far-infrared and sub-millimetre, in the cold component 
cannot be explained by the sole effect of the attenuation of the radiation 
field on the grain heating [99]. It is speculated that the temperature drop 
is at least partly due to the effect of the evolution of large grains through 
the accretion of atoms, molecules and/or small dust particles and/or their 
condensation onto large dust grains, and the consequent effects on their 
far-infrared emissivity. 

This infrared perspective on dust evolution is corroborated by obser- 
vations of the extinction curve in the ultraviolet, visible and near-infrared 
which show that there is a systematic change in the dust size distribution 
with increasing density. The range of observed interstellar extinction can be 
characterized by R, the ratio A\/E{R — V) [100]. The observed changes in 
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Fig. 17. Example of decomposition between warm and cold components for one 
COBE FIRAS (7° beam) spectrum in Chamaeleon. The upper and lower dashed 
curves are the warm and cold components derived at this sky position (see text). 
The decompostion method is described in [97] . The COBE FIRAS spectrnm has 
been extended to IRAS wavelengths based on average infrared colors for warm and 
cold structures within the COBE FIRAS beam. Note that the cold component, 
which is thought to be more structured than the warm component, can become 
dominant when observed at high angular resolution. 



extinction imply an increase in the mean grain size with increasing density, 
and an associated loss of the smaller grains. The accretion of gas phase 
molecular and atomic species onto grain surfaces as grain mantles is insuf- 
ficient to explain the observed increase in grain size. Therefore, the grain 
growth must be the result of grain-grain collisions and sticking (coagula- 
tion). These changes in the size distribution have been quantified by using 
a maximum entropy analysis to study the extinction differences between 
diffuse and denser clouds [101, 102]. This work supports the idea that large 
interstellar grains can be formed by coagulation of the small grains onto 
large grains. There is also an indication for the presence of large interstellar 
grains with radii > 1 /im [101,102]. 

The nature of the dust in interstellar clouds can be explored through 
absorption spectroscopy towards background sources obscured by interven- 
ing clouds (see Sect. 8 and Fig. 19). Basic information on the formation 
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of ices in molecular clouds has been provided by the infrared observations 
of the 3.3 /im absorption band of water ice towards stars behind the Tau- 
rus dark clouds [103-105]. These observations demonstrate that the H 2 O 
absorption band is detected in all sources where the extinction is greater 
or equal to ~ 3 mag, indicating that ice mantles exist at relatively mod- 
est extinctions. Subsequent observations towards the same clouds using 
the CO 4.67 fxm band give similar results with a slightly larger thresh- 
old of ~ 6 mag [105,106]. It should be noted that these threshold values 
are sensitive to the local conditions. In the Ophiuchus Cloud where the 
radiation field is much higher than in the Taurus Clouds, the threshold for 
the detection of ice mantles is observed to be much higher, i.e. ~ 12 mag 
for H 2 O ice [107]. 

Laboratory experiments pioneered by M. Greenberg suggest that the 
3.4 /im band (which has been discussed in Sect. 4) is associated with a 
refractory organic mantle resulting from the photochemical evolution of 
ices. This interpretation is corroborated by infrared spectra of residues, 
obtained after long-term exposition of low temperature ices made in the 
laboratory to solar ultraviolet light on a space platform, which provide a 
remarkable fit to the interstellar band for a wide range of ice mixtures 
[108]. This interpretation has been recently challenged by the fact that the 
3.4 fj,m band has been found to be unpolarized [109]. This result indicates 
that the 3.4 /xm carriers could not be associated with organic mantles on 
silicates, because silicate bands are known to be polarized. The absence of 
polarization across the 3.4 /tm band suggests that the carriers are rather an 
independent population of carbonaceous grains (see Sect. 4). 

7.2.3 Dust evolution in photo-dissociation regions 

Some observational results indicate that the abundance of small dust grains 
and their spectral characteristics change rapidly at the surface of molec- 
ular clouds. For example, enhancements of the abundance of interstellar 
PAHs have been inferred from limb brightening of the 12 /xm emission with 
respect to the 100 /xm emission from large grains [96]. These localized en- 
hancements, with respect to the mean abundance in the diffuse medium, 
out of which molecular clouds are thought to be formed, suggests that some 
mechanism might be generating interstellar PAHs at cloud surfaces. The 
spectra in Figure 18 also show a spectacular variation of the band to con- 
tinuum ratio in the reflexion nebula Ced 201 [110]. Similar variations are 
observed in other PDRs but they are unusually strong in this object where 
we might be witnessing a very transient phenomenon since a run-away B 
star is entering a cloud at high speed. 

PDRs where matter processed in the dense parts of molecular clouds 
are exposed to stellar light might play an important rôle in the evolu- 
tion of dust. As the grain mantles approach the surface of the cloud, the 
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Ced201 




Fig. 18. Variations of the mid-infrared emission spectrum between two positions 
separated by 12" in the reflection nebula Ced 201. The solid line shows the 
ISOCAM spectrum tracing the matter in the direction of the star. The dotted 
line spectrum corresponds to a position 12" away from the star (it has been scaled 
by a factor of 2 to match the continnum level of the other spectrum). Similar 
spectral changes are seen all around the star. Figure taken from [110]. 



increasing ultraviolet irradiation can lead to the photo-chemical evolution 
of ices towards organic residue which are able to resist sublimation. This 
chemical evolution might quickly be followed by the release of pieces of the 
organic residue from the grain surfaces. For example, when some event like a 
cosmic ray heats a grain, the induced mobility of reactive species can lead to 
a sudden release of chemical energy, powerful enough to make pieces of the 
mantle explode from the grain. This mechanism which has been observed 
in laboratory experiments might be an effective desorption mechanism for 
fragments of organic matter in PDRs. 

Understanding the connection between the small aromatic hydrocarbons 
seen in emission and the saturated hydrocarbons seen in absorption is one of 
the key questions about the nature and evolution of dust in the interstellar 
medium. Small fragments of the organic residue liberated in interstellar 
space would be graphitized (made aromatic) by any process which heats 
them. For the smallest fragments this process could be stochastic heating 
by ultraviolet photons. This is a plausible means of making PAHs in the 
interstellar medium together with the fragmentation of carbon grains in 
shock waves (see Sect. 7.1.1). 
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Table 2. Molecular vibrational modes in ices of astronomical interest. 



Molecule 


Mode 


Wavenumber 

(cm“l) 


Wavelength 

(^im) 


A 

(cm molec” ^ ) 


Ref. 


H 2 O 


O— H stretch 


3280 


3.05 


2 . Ox 10“^® 


0 




H-O-H bend ( 1 x 2 ) 


1660 


6.0 


1 .2x10“^’^ 






libration 


760 


13.1 


O-lXlO”^"^ 




CO 


C = 0 stretch 


2139 


4.67 


1 .1x10“^'^ 






^^C = 0 stretch 


2092 


4.78 


1.3x lO”^”^ 




C 02 


C = 0 stretch ( 1 x 3 ) 


2343 


4.27 


7.6x lO”^”^ 


d 




0 = c = 0 bend ( 1 x 2 ) 


660,665 


15.2 


1 .1X10“^'^ 




13c02 


^^C = 0 stretch ( 1 x 3 ) 


2283 


4.38 


7.8x 10“^'^ 




CH 4 


C— H stretch ( 1 x 4 ) 


3012 


3.32 


6 . Ox 10“^® 






C— H deformation ( 1 x 3 ) 


1304 


7.69 


6.4x 10“^® 


h 


X=CN 


C = N stretch 


2167 


4.61 


2-7X 10“^'^ 


f,9 


NH 3 


N— H stretch (ix]^, 2 X 3 ) 


3208-3375 


2.96 


2 .2x 10“^"^ 






N-H bend ( 1 x 4 ) 


1674 


5.97 


4.7X 10“^® 






umbrella ( 2 x 2 ) 


1070 


9.35 


1.7x lO”^”^ 




CH 3 OH 


OH stretch (ixj^) 


3251 


3.07 


1.3x 10“^® 






CH stretch (ixj^ and 1 x 9 ) 


2951,2827 


3.38,3.53 


2 .6x lO”^”^ 






CH stretch ( 1 x 9 ) 


2951 


3.38 


2 .1X10”^"^ 






CH stretch ( 1 x 3 ) 


2844 


3.51 


5.3x 10“^® 






CH 3 deformation 


1460 


6.85 


1 .2x10”^’^ 






CH 3 rock 


1130 


8.84 


1 .8x 10“^® 






CO stretch (ixg) 


1026 


9.74 


1 .8x10“^’^ 






Torsion (ixj^2) 


694 


14.41 


1.4x10”^"^ 




H 2 CO 


CH 2 stretch ( 1 x 4 ) 


2884 


3.47 


2.5x 10“^® 






CH 2 stretch (ixj^) 


2821 


3.54 


3.6x 10“^® 








2724 


3.67 


2 .8x 10“^^ 






C = 0 stretch ( 1 x 2 ) 


1720 


5.81 


9.6x 10“^® 






CH 2 cisor ( 1 x 3 ) 


1494 


6.69 


3.8x 10“^® 






CH 2 rock (t/ 5 ) 


1245 


8.03 


l.Ox 10“^® 




H 2 S 


stretch H— S (I'l) 


2545 


3.92 


3. Ox 10“^'^ 


k 


ocs 


stretch C = 0 (ix^) 


2040 


4.90 


1.5x 10“^® 






stretch C=S ( 2 x 3 ) 


859 


11.64 


1.3x 10“^® 






butterfly 0 = C = S ( 2 x 2 ) 


514 


19.45 


1 .8x 10“^® 





Note: Adapted from [116]. The absorbances are given for pure ices. It should be noted 
that for ice mixtures, the absorbance values can vary from the pure ice case by up to 
factor of 2. The references are: a [117] b [118] c [119] d [120] e [111] /[121] g [122] h [123] 
i [124] j [125] k [126] I [127]. 



8 Dense media around protostars 

As the gas and dust in the interstellar medium cycle from the low-density, 
diffuse intercloud medium into dense clouds undergoing collapse and star 
formation the dust generally remains well-coupled to the gas. Thus, inter- 
stellar dust, previously in a diffuse cloud environmemt, is incorporated into 
dense star-forming clouds and ultimately circumstellar discs where it will 
be illuminated and heated by the radiation from young stars. En route to 
this circumstellar environment the dust will have picked up mantles of icy 
matter and the grains will have coagulated into clusters, each consisting of 
many sub-grains. 

Thus, the environments around young stars should reveal useful 
information about dust that was previously interstellar. Although this dust 
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will clearly not be the same as that in the diffuse interstellar medium, it 
should, however, be representative of the dust to be found in dense in- 
terstellar clouds. Studies of the infrared absorption of the dust in young, 
deeply embedded stellar objects therefore provide ideal targets for studies 
of interstellar dust relatively recently incorporated into these objects. 

The molecules trapped in the ice mantles give rise to characteristic in- 
frared absorption bands (Table 2) which can be detected in the spectra of 
sources obscured by molecular clouds, e.g., background sources (field stars 
or strong infrared sources), embedded young stellar objects or evolved stars 
surrounded by a thick envelope of gas and dust (AGB stars, see Sect. 9) 
- see Figure 19. The column density, N (molecules cm“^), of an infrared 
absorbing solid is determined from 

fV= ^ J T{v)dv ^ ^TmaxAi/ (8.1) 

where r is the optical depth (and Tmax is the maximum optical depth), 
Av is the full width at half-maximum expressed in units of wavenumber 
(cm“^), and A is the integrated absorbance in centimeters per molecule 
(Table 2), e.g., [111]. The infrared bands correspond to molecular vibra- 
tional bands for which the positions and profiles depend on the structure 
and the composition of the ice mantles. The identification of the mixture 
of frozen molecules thus requires a detailed comparison with laboratory ice 
analogues, that may or may not be processed by a variety of mechanisms, 
such as ultraviolet photolysis, in order to simulate as closely as possible 
the conditions of the interstellar medium where energetic particles (ultra- 
violet photons and cosmic rays) are present and may modify the chemistry 
of the accreted mantles. The study of absorption spectra is thus not only 
important in deriving the abundances of frozen molecules in the interstellar 
medium but also allows one to derive the details of the ice composition. 
Hence the evolutionary history of the matter in the dense and cold cloud 
lying in front of the infrared background source can be derived. 

The ice mantle composition is a sensitive function of the temperature 
and density structure of the molecular cloud (Fig. 20). At low densities 
(< 5 X 10^ cm“^) where atomic hydrogen is still abundant, the atoms accrete 
directly onto the surface leading to the formation of the important molecular 
species H 2 O, CH 4 and NH 3 . These large dipole moment molecules will 
create a highly polar ice layer on the surface of the refractory core. Deeper 
into the cloud, at densities of 10 '^ — 10 ^cm“^, when most of the atomic 
hydrogen reservoir has been converted to H 2 , the gas phase carbon is mainly 
in the form of CO. The accreted CO can either react with H atoms present 
on the grain surfaces (through cosmic-ray induced processes) to produce 
formaldehyde (H 2 CO) and methanol (CH 3 OH) or with O to produce CO 2 . 
At still higher densities (> 10®cm“^), apolar species such as CO, O 2 and 
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Fig. 19. Illustration of the lines of sight which allow one to measure the absorption 
of infrared vibration modes of frozen molecules; (top panel) diffuse line of sight 
probing small molecular clouds of A„ a few mag. {e.g., towards Sgr A* in the 
Galactic Centre; see Fig. 2); (middle panel) line of sight towards embedded young 
stellar objects {e.g., W 33a; see Fig. 21); (bottom panel) towards envelopes ejected 
by evolved stars (AGB stars; see Fig. 30). 



N2 condense directly on the surface, forming a layer of apolar ice on top of 
the polar ice which may also contain some CO2 and H2O. 

The chemically enriched icy mantles can be exposed to the ambient ra- 
diation field when turbulent motions brings this material near to the surface 
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T(gas)=200-1000 K 



Fig. 20. Illustration of the temperature structure of an embedded young stellar 
object showing the different ice phases in the surrounding enveloppe. Figure taken 
from [112], 




Fig. 21. ISO-SWS spectra of the deeply embedded massive young stellar object 
W 33a. Figure taken from [113] - see also [114]. 



of the cloud (where the molecules will evaporate back into the gas phase) 
or can undergo further processing when the grain is hit by cosmic rays (see 
Sect. 7.2.1). If the conditions for cloud collapse are met, ultimately leading 
to the formation of a star, then the subsequent evolution of the ice mantles 
is driven by the evolution of the protostar. The radiation of the new star 
heats up the gas and dust and the ice mantles will begin to evaporate. The 
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Fig. 22. ISO-SWS spectra of a line of sight sampling the interstellar medium 
(Av ~ 20 mag) towards the field star Elias 16. Figure taken from [115]. 



most volatile species (CO, O 2 , N 2 ) will be released first into the gas phase, 
whereas the less volatile species (H 2 O, CH 3 OH) will be retained. Hence the 
relative abundances of polar and non-polar ices will change as the proto- 
star evolves. Direct heating can also produce an internal rearrangement of 
the ice matrix. The outflows of the young stars will produce high-velocity 
shocks which will release, through sputtering, the more refractory material 
{e.g., Si and Mg) from the grain surfaces into the gas phase. The high tem- 
peratures induced by the shocks will drive chemical reactions with energy 
barriers, such as the formation of H 2 O, and could lead to the processing of 
the ice layers into more complex non-volatile organic species. The changes 
in structure and composition of the ice mantle will thus reflect the degree 
of evolution of the protostars. 

The local chemical enrichment due to the evaporation of complex species 
from the ice mantles will drive a rich chemistry in the warm (100 K) and 
dense (10®cm“^) gas (Fig. 20), the so-called hot core phase, which will 
last for ~ 10^ yr. After the outflows have cleared the main reservoir of 
gas and dust from the parental molecular core, the young star is left with 
a residual protoplanetary accretion disc made from the interstellar matter 
(gas, dust and ice mantles) which has survived the various processes which 
lead to its formation. Some of the ices which have survived may be the 
main constituents of the cometary reservoir of this young stellar system. 

The build-up of ice mantles around refractory cores in dense molecular 
gas, the local chemical enrichment of the gas and the formation of complex 
organic species around newborn stars, together with the release of processed 
dust grains into the interstellar medium are essential aspects of the life cycle 
of dust grains in the interstellar medium. 
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Fig. 23. The 2.5 to 18 spectrum of IRAS 18316-0602 (RAFGL 7009S) a 
deeply embedded massive young stellar object (bottom curve) compared to the 
laboratory spectrum of a ultraviolet photolysed ice mixture H20:C0:CH4:NH3:02 
(top curve). The laboratory spectrum has been multiplied by the estimated con- 
tinuum of the source and shifted (by 20 Jy) for clarity. The main ice features are 
identified in the figure. From [129] and [132]. 



It is beyond the scope of this paper to provide a detailed review of the 
field of interstellar ice mantles and to describe the advances which have 
been made during the past years in the laboratory studies of ice analogues. 
In the following, we will summarize the major findings based on the ISO 
observations. The interested reader is encouraged to consult review pa- 
pers on the subject and some of the more recent papers which present ISO 
absorption spectra. A selection of references is given below and together 
with the papers which are cited therein they may form a basis for detailed 
study. 

8.1 Absorption spectroscopy of embedded sources 

The infrared spectra of embedded sources have been important in the 
analysis of the refractory cores of dust grains (mainly the silicates) and 
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have been the prime sources of information in deriving the chemical com- 
position of the ice mantles which form around the dust cores in the cold 
regions deep inside molecular clouds. Infrared absorption spectra of sources 
embedded in dense molecular clouds have been obtained during the last 
few decades from the ground (in the atmospheric window at 2 — 5 /xm and 
10 /im), airborne platforms (mainly the KAO in the 5 — 9 /xm wavelength 
range), and the IRAS LRS, allowing major progress in our understanding 
of the composition of ices in the interstellar medium. In particular, these 
studies established the dominant role of H 2 O ice in molecular clouds. The 
spectrometers on board the ISO satellite have opened new windows in the 
infrared and enabled us to obtain complete high resolution spectra in the 
mid- and far-infrared range for a great number of sources and to study 
for the first time major ice constituents such as CO 2 and CH 4 which are 
otherwise radio quiet molecules. 

Figure 21 shows the ISO-SWS spectrum of W 33a which probes the 
dense molecular gas around this massive embedded young stellar object, and 
Figure 22 presents the spectrum sampling less dense interstellar gas along 
the line of sight towards the background field star Elias 16 located behind 
the Taurus molecular cloud (the weak continuum of Elias 16 prevented any 
detection of features beyond 5 /xm) . Superimposed on the continuum due to 
thermal dust radiation, there is a series of strong features seen in absorption 
which, apart from the silicate absorption bands at 9.7 and 18.0 /xm, are all 
due to ice components. The strongest features are those of H 2 O ice and CO 2 
(also present in the spectrum of Elias 16) with additional bands identified 
with CO, CH 4 and methanol (CH 3 OH). The 3.4 /xm band, which is present 
in the diffuse interstellar medium (see Sect. 4), is noticeably absent in the 
absorption spectra probing dense gas molecular gas. 

A further example of a spectrum dominated by absorption bands is given 
in Figure 23 where the SWS spectrum of IRAS 18316—0602 (also known as 
RAFGL 7009S), a deeply embedded massive young stellar object, is shown 
together with a laboratory spectrum of a photolysed ice mixture. This 
source has been studied in detail [129, 130] and the exceptional richness of 
its SWS spectrum has been reported. In this source, the extinction is so 
high that the strongest bands are saturated, i.e. the H 2 O ice band at 3 /xm, 
the CO 2 stretching mode at 4.27 /xm and the silicate 9.7 /xm band. The 
strong continuum, together with the high extinction, is favorable for the 
detection of weaker species (such as ^^C 02 and OCN“) but also prevents 
the easy detection of specific frozen molecules, such as NH 3 and CH 3 OH, 
whose bands fall within the Si-0 stretching band of silicates at 9 to 11 /xm 
(see Fig. 23). With the exception of these “hidden” bands, the match be- 
tween the observed spectrum and the spectrum measured in the laboratory 
is noteworthy. It underscores the remarkable progress and understanding 
achieved with current state of the art laboratory simulations. At the same 
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Table 3. Ice abundances towards three high mass young stellar objects, 
IRAS 18306-0602 (RAFGL 7009S), NGC 7539:IRS9 and IRAS 19110+1045, and 
the background star Elias 16. 



Molecule 


Wavelength 

(/nil) 


RAFGL 7009S 


% relative to H2O 
NGC 7538 IRAS 19110 


Elias 16 


H20 


3.05, 6.0 


100 


100 


100 


100 


GO 


4.67 


15 


15 


<1.5 


33.5 


GO2 


4.27, 15.2 


21 


12 


5 


14 


1®C02 


4.39 


0.33 


- 


- 


- 


GH4 


7.7 


3.6 


1.6 


- 


- 


OCN- 


4.62 


3.7 


0.5 


- 


- 


H2CO 


5.81 


3.0 


<3 


- 


- 


GH3OH 


3.54 


30 


7 




<5 



Notes - The references are: for RAFGL 7009 and IRAS 19110+1045 [132]; for 

NGC 7538:IRS9 [131] and Elias 16 [115]. The abundances for CH3OH are from [133] 
and references therein. The H2O column densities (in units of cm“^) are: 1.2 X 10^®, 
8.0 X IQi®, 5 - 6 X lO^® and 6.6 x lO^'^ for RAFGL 7009S, NGC 7539:IRS9, IRAS 19110 
and Elias 16, respectively. 



time it also strengthens the need for detailed laboratory experiments which 
are a prerequisite to the correct interpretation of astronomical spectra. 

The lack of any structure in the ~ 9.7 and ~ 18 /im silicate bands 
in the dust around protostars makes it difficult to determine their precise 
chemical composition and mineralogy. The interpretation and modelling 
of data from some of these objects, using detailed laboratory data on in- 
terstellar silicate dust analogues, showed that the observed silicate absorp- 
tion bands are compatible with amorphous pyroxene-type silicates contain- 
ing iron and traces of calcium [134,135]. More recent studies of the dust 
absorption around embedded massive protostellar objects using combined 
ISO-SWS and ISO-LWS spectra [136] indicate the presence of amorphous 
pyroxene-type silicates containg magnesium and iron, iron oxide and alu- 
minosilicates. In addition, a degree of porosity was required in order to 
achieve a good fit to the data, thus implying that some grain coagulation 
occured prior to star formation. The composition of the silicate dust around 
protostars is thus compatible, in general terms, with that of the interstellar 
dust. 

Table 3 lists the ice abundances derived for three embedded massive 
young stellar objects and for the background star Elias 16. In all the sources, 
the ice mantle composition remains relatively simple and consists mainly of 
species resulting from hydrogenation (the H 2 O and CH 4 ices) and oxidation 
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Wavelength [am] 



Fig. 24. ISO-SWS absorption spectra of the frozen CO2 1^2 bending mode towards 
various galactic sources with increasing gas temperature (from top to bottom). 
The changes in the CO2 band profile with temperature are due to both thermal 
processing and ice segregation (see text). The solid lines are fits based on lab- 
oratory data on H20:CH30H:C02 ( 1 : 1 : 1 ) ice mixture at various temperatures. 
Figure adapted from [ 137 ] - see also [ 114 ]. 



(CO 2 ice) of O, C, N and CO indicating that their formation is dominated 
by grain surface reactions rather than by energetic or ultraviolet processing. 

In the following, we summarize the main results obtained on some ice 
constituents with an emphasis on the species which have been studied for 
the first time in detail using ISO. 

• The measurements of the ^3 stretching and U 2 bending modes of solid 
CO 2 at 4.27 and 15.2 /rni, respectively, in a great number of sources 
has been one of the highlights of the ISO spectroscopy [111, 138]. The 
4.27 /iin band is one of the strongest absorptions seen in the spectra of 
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Fig. 25. Combined ISO-SWS and LWS spectra of the embedded infrared sources 
IRAS 18316-0602 (RAFGL 7009) and IRAS 19110+1045. The position and the 
identification of the main absorption bands are given for each source. Note that the 
ISO-SWS and LWS spectra were calibrated independently and that no corrections 
were made to improve the match between the two instruments. The insert boxes 
display the transmittances of amorphous and crystalline water ices together with 
the source spectra - the intensity axis has been expanded for clarity. The results 
of radiative transfer calculations are shown as dash-dotted lines. Figure taken 
from [128]. 
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young stellar objects and the corresponding ^^C 02 band has been de- 
tected in many sources [111,139]. The abundance of solid CO 2 relative 
to H 2 O ice is remarkably constant from source to source with values 
in the range between 10% and 23% [137]. Such a constant ratio im- 
plies that the spectral evolution of the C 02 -bearing ices is dominated 
by thermal processing and ice segregation rather than by energetic 
processing due to ultraviolet photons or cosmic rays [137]. The ther- 
mal evolution of interstellar ices is revealed by the profile of the CO 2 
15.2 /im band which is sensitive to the ice environment and the degree 
of thermal processing {e.g., [140]). Pure CO 2 ice at 10 K has a typical 
bending mode with two peaks at 15.15 and 15.25 /im, whereas CO 2 
mixed with H 2 O and other ices has a broad featureless bending mode 
with a shoulder at ~ 15.4 /xm. Laboratory measurements show that, 
upon warm up of ice mixtures containing CO 2 , multipeak structures 
form in the CO 2 absorption bands and that the 15.4 /xm shoulder dis- 
appears. It has been shown that the detailed spectral changes can be 
accounted for by specific intermolecular interactions between CO 2 and 
frozen methanol [141]. Similar changes have been found in the ISO ab- 
sorption spectra along a sequence of increasing gas temperature [137] 
- see Figure 24. 

• CH 4 can only be observed via its ro-vibrational transitions at 3.32 /xm 
(the V 3 stretching mode) and at 7.66 /xm (the deformation mode) 
which for the frozen species are broad bands slightly shifted in wave- 
length - see [142] and references therein. The 1^3 stretching mode is 
located around the centre of the 3.3 /xm water band and is thus difficult 
to observe. The deformation mode has been observed at 7.67 /xm 
with high signal-to-noise ratio towards deeply embedded objects in- 
cluding W 33a and NGC 7538:IRS9 [142] or towards RAFGL7009S 
(Fig. 23). These data significantly improve previous ground-based and 
airborne detections. The observed band can be ascribed to GH 4 in a 
polar ice mantle (either H 2 O or GHaOH-rich). The derived abundance 
relative to solid H 2 O is relatively low with values between 0.4 — 4%. 
The gas-to-solid GH 4 ratio is low (in the case of RAFGL 7009S the 
ratio is 0.23 [143]) suggesting that GH 4 is directly formed on the grain 
surface. 

• Methanol (GH 3 OH) has many infrared transitions (see Table 2) of 
which some can be observed from the ground (around 3 /xm). Al- 
though the detailed studies on GH 3 OH have not been performed with 
ISO, it is important to stress that methanol is one of the most abun- 
dant solid state molecules after H 2 O in the line of sight of two massive 
embedded objects, W 33a and RAFGL 7009S with abundances rela- 
tive to H 2 O of 5 — 22% and ~ 30%, respectively ( [132] and references 
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therein). The production of relatively large amounts of methanol in 
the environment of W 33a and RAFGL 7009S is difficult to account for 
with the present models but could be partly influenced by the vicinity 
of the massive luminous protostars. 

• Solid O2 has been searched for in cold dense clouds at 6.45 /im 
using the ISO-SWS [144]. Upper limits to the abundance of solid 
O2 relative to hydrogen of 30 x 10“® and 15 x 10“® were derived, 
i.e. 50% and 100% relative to solid CO, towards the young stellar 
sources R CrA IRS2 and NGC 7538:IRS 9, respectively. The abun- 
dance of solid O2 in dense molecular clouds accounts for less than 
6% of the total oxygen budget in the interstellar medium. Solid O2 
is thus not a major constituent in dense molecular gas. The ice and 
gas-phase CO account for about 60 to 70% of the oxygen reservoir in 
these sources, leaving 30 — 40% unaccounted for. Since the gas phase 
abundance of O2 in molecular clouds is low (in NGC 7538:IRS 9) 
O2/CO < 0.04 [145] - see also [146]), the remaining oxygen is likely in 
atomic form. 

The identification of the carriers of a few absorption bands is still 
debated. The “XCN” 4.62 /xm band which is most likely due to OCN“ [147]. 
The strong 6.8 /xm band is partly accounted for by CH3OH but the main 
contributor still remains unknown [150]. NH^ has been suggested as another 
possible contribution to this band [148,149]. The firm identification of the 
6.8 /xm band, which points to the presence of an abundant ice component, 
remains a key challenge in the study of interstellar ices. Finally, high sen- 
sitivity ISO measurements together with dedicated laboratory experiments 
have shown the possible presence of minor species such as HCOOH [150]. 

Figure 25 presents the combined ISO-SWS and LWS spectra from 2.5 to 
195 for IRAS 18316-0602 and IRAS 19110-kl045. IRAS 19110-kl045 is 
a young luminous protostar associated with a dense, compact submillimetre 
source with evidence of infalling gas. In addition to the series of strong 
absorption bands below 20 /xm described previously, there is in both sources 
a broad absorption band at ~ 44 /xm, centred on the overlap region between 
the ISO-SWS and the ISO-LWS spectra. This band has been identified 
with the transverse optical vibrational band of H2O ice [128] detected for 
the first time in absorption. It is important to stress that the detection of 
this prominent band, which extends from 30 to 80 /xm, would not have been 
possible without spectroscopy over the wide spectral range of the combined 
ISO-SWS and ISO-LWS spectra. 

The 44 /xm absorption band is different in the two sources (Fig. 23). In 
IRAS 18316—0602, the band is strong and structureless, indicating that the 
absorption is dominated by amorphous water ice. In the case of IRAS 19110, 
the absorption band is weaker and shows a small dip at 43 /xm, suggesting a 
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higher relative abundance of crystalline H 2 O ice. Compared to IRAS 18316, 
IRAS 19110 appears to be a more evolved protostar where significant ice 
mantle evaporation has already occured. This is consistent with the absence 
of CO and CH 4 ices, the weakness of the CO 2 band (Table 3) and the 
structure seen in the 43 /xm band. 

The previous discussion illustrates the importance of wide wavelength 
range spectroscopy for the study of interstellar ices. For the most obscured 
sources less abundant components of the interstellar ices, such as NH 3 , could 
be searched for at longer wavelengths although their detection could be very 
difficult. The long wavelengths modes are lattice modes which will weaken 
or vanish as soon as the material is diluted in another matrix. Nevertheless, 
the detection of additional modes at far-infrared wavelengths would provide 
invaluable additional information on the chemical composition of interstellar 
ices. 

8.2 Dust around young stars 

As the protostar evolves the combined actions of the stellar heating and 
shocks from the outflows will evaporate most of the ice mantles and clear up 
a significant part of the parental molecular material around it. The gradual 
emergence of a hot core chemistry around young stars has been well doc- 
umented using the ISO-SWS. The spectral resolution of this spectrometer 
together with the large wavelength range covered allowed us to measure at 
the same time gas and solid state species in many sources. These data pro- 
vide a new probe of the evolutionary state of young stellar objects with the 
ratios of the solid-state and gas-phase abundances. The gas/solid abundance 
ratios have been found to vary significantly from source to source [151]. In 
the hot dense gas, high abundances have been measured in the gas-phase 
for C 2 H 2 , HCN, CH 4 and H 2 O, whereas CO 2 always has a low abundance. 
These results indicate that the ices evaporate when a hot core develops in 
the inner envelope and that high temperature chemistry (resulting in the 
formation of H 2 O) is activated - see Figure 20. 

After the clearing the molecular gas and dust, the young star is sur- 
rounded by a circumstellar disc with typical sizes of 100 to 400 AU. The 
direct detection and study of these discs is amongst the most fascinating 
results in the held of star formation in recent years, e.g. [152]. Dust in 
the circumstellar discs around young stars can be modified by ultraviolet 
radiation heating and by grain-grain collisions. As a result, the grain prop- 
erties (such as opacity) will change dramatically as the disc evolves due 
to coagulation, destruction, sublimation and condensation processes. The 
radiation effects will lead to the photolysis of the ice mantles, eventually 
yielding refractory organic material. If high temperatures (~ 1300 K) are 
reached, thermal annealing of the refractory cores could explain the pres- 
ence of crystalline silicates observed in some circumstellar discs (see below) . 
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Fig. 26. ISO-SWS spectrum of the circumstellar disc around the Her big Ae star 
HD 100546 (full line) [153] compared to the spectrum of comet Hale-Bopp (dashed 
line) [157]. Figure adapted from [155]. 



Coagulation processes will result in grains larger than in the interstellar 
medium. This is corroborated by polarization measurements, the broadness 
of the silicate feature and the emissivity properties derived from submillime- 
tre and millimetre continuum measurements. For instance, in the case of the 
disc surrounding jS Pictoris, the grain size spectrum peaks around 1 /xm, a 
value similar to that found for Vega-type stars - see lectures by A. Natta and 
H. Habing in this volume. 

The ISO spectroscopy which has been obtained for some intermediate 
mass Herbig Ae stars indicates that the dust in their circumstellar discs is 
extremely rich with evidence for the presence of PAHs, crystalline silicates, 
hydrous silicates and water ice [153-155]. Figure 26 shows the SWS spec- 
trum of the Herbig Ae star HD 100546. Its spectrum is characterized by a 
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variety of emission bands including the bands at 3.3 (not shown), 6.2, 7.9, 8.6 
and 11.3 /im together with a series of prominent mid-infrared bands which 
are mainly due to crystalline silicates, namely forsterite (Mg 2 Si 04 ), - see 
Section 9.3.2 for a description of crystalline silicates. Amorphous silicates 
are also present and a broad emission feature at 23 /xm is attributed to 
FeO. Other Herbig Ae stars such as HD 142527, HD 179218 (see [155]) 
or HD 162396 (see [156]) also display a rich variety of dust emission fea- 
tures. There are significant differences from source to source, for instance, 
HD 162396 is dominated by amorphous silicates and crystalline iron oxide, 
which may reflect differences in the local processing of the dust. 

The dust features present in the spectrum of the circumstellar disc 
around HD 100546 closely resemble those which were detected in the ISO- 
SWS spectrum of comet Hale-Bopp [157] - see Figure 26 - indicating a close 
connection between circumstellar and cometary material. The implications 
of this connection will be discussed in Section 10. 



9 Dust formation 

Dust formation occurs in regions where the densities are high enough and 
the temperatures are such that the processes of nucléation and condensation 
can proceed. As will be shown below, the outflows from evolved stars of a 
few solar masses have the required conditions to form dust. The winds of 
hot massive stars, novae and possibly supernova remnants may also present 
favourable conditions for dust formation. Dust formation is thus linked 
with the end phases of stellar evolution. In the different phases of the 
interstellar medium, the densities and temperatures are generally too low to 
trigger the condensation of solids. The notable exception are small aromatic 
hydrocarbons which could be made in molecular clouds from the gas phase 
or on the surface of grains [27] or from shock processing of carbonaceous 
grains - see Section 7. 

ISO has provided many new results concerning the nature, composition 
and evolution of the dust in circumstellar envelopes. Complete infrared 
spectra have been obtained for a large number of evolved stars and encom- 
pass the entire range from AGB stars to fully evolved planetary nebulae. In 
particular, it has been found that many spectra show an unexpected rich- 
ness in crystalline silicate bands beyond ~ 20 /xm opening up the held of 
interstellar mineralogy. In principle, it is now possible to derive the changes 
which dust grains undergo along the evolutionary path from the AGB star 
to the planetary nebula phase. After a brief description of the late phases of 
stars of a few solar masses and of the basic processes of dust formation, the 
following sections present the salient results obtained so far with ISO on the 
dust content of evolved stars. At the end of this section, a short description 
of dust formation in supernovae remnants and hot stars is given. 
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9.1 AGB stars 

During the last phases of stellar evolution, stars of a few solar masses on 
the main sequence (between ~ 2 Mq and ~ SM©) undergo a period of 
high mass loss and are surrounded by extended circumstellar envelopes. 
After the red giant phase, they ignite central helium burning and start their 
ascent of the Asymptotic Giant Branch (AGB) in the H — R diagram where 
they alternatively burn helium and hydrogen in thin shells surrounding a 
degenerate carbon-oxygen core (the thermal pulsing AGB stage). AGB 
stars are cool (Teg ~ 3000 — 3500 K), luminous {L ~ 10‘^Lo) and very 
extended (iî* ~ 1000 x Rq). The values for the mass loss rate range from 
10“® up to lO“^M 0 yr“^ for the most obscured objects. The resulting 
dense circumstellar envelopes of cool gas and dust can extend to 10 ^ to 
lO"* iî», where iî* is the stellar radius. The typical expansion velocity of the 
circumstellar envelope is in the range 10 — 25kms“^. For further details, 
see the lecture by H.J. Habing in this volume. 

The cool and dense (~ 10^®cm“^) photospheres of AGB stars are ideal 
conditions for dust formation. The typical temperatures at the outer edge of 
the photosphere are close to the condensation temperatures of many solids 
of astrophysical interest and it is believed that AGB stars are the main 
“factories” for the production of dust grains. Dust is of central importance 
as it plays a key role in both the dynamics and the chemistry of the cir- 
cumstellar envelope. Although the details are not well known, radiation 
pressure acting on dust grains accelerates the grains and, provided that the 
dust and gas remain coupled, the grains drag the gas along. This is the 
main mechanism which drives the high mass loss in evolved stars. After 
leaving the inner regions around the photosphere, the dust grains flow out 
to regions where the gas temperature becomes low enough to allow for effi- 
cient gas-grain chemical interaction and the formation of certain molecular 
species on grain surfaces. At larger radii (> 100 iî*), dust grains shield the 
envelope from the penetration from the interstellar radiation field allowing 
molecular species to survive and complex molecules to form. Ultimately, 
the dust grains are expelled into the surroundings and mix with the local 
interstellar medium. Through stellar winds, stars eject about 40% of their 
initial Zero- Age Main Sequence mass into the interstellar medium and thus 
enrich their surroundings with new chemical species and fresh dust grains. 
Therefore, stars of a few solar masses are of key importance in the life cycle 
of dust in the Galaxy. 

9.2 Physical processes 

The formation of solid particles from a gaseous medium generally only oc- 
curs in a narrow region of the temperature-pressure phase diagram (the 
regions where the gas becomes supersaturated) which coincides with the 
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physical conditions which are found in the cooling outflows of evolved stars. 
Dust formation has been described in terms of classical nucléation theory 
by Salpeter [158,159]. Following this theory, which was originally applied 
to study the formation of water droplets in the Earth’s atmosphere, the 
formation of solid particles involves a two-step process: i) the formation 
of molecular clusters that serve as condensation nuclei {nucléation) and ii) 
the growth of these clusters into macroscopic grains through reactions with 
molecules from the gas phase {condensation) . Nucléation theory predicts the 
existence of a critical cluster size, N^- Clusters with sizes smaller than 
will be unstable and will not grow further, whereas clusters bigger than Nc 
are stable and will grow. The condensation of a given atomic or molecular 
species (a monomer species) in the gas phase takes place when its partial 
pressure in the gas exceeds its vapour pressure in the condensed phase. 
Clusters are formed by random encounters of monomers. For thermal equi- 
librium, the density of clusters, nt, is proportional to exp{—AEi/kT) where 
T is the kinetic temperature of the gas and AEi is the thermodynamic free 
energy associated with the formation of the cluster. For small clusters, AEi 
increases and thus Ui decreases. However, for some critical size, the addi- 
tion of further monomers becomes favourable leading to a stable cluster. 
Its subsequent growth will depend on the density of monomers. Homoge- 
neous nucléation, which describes the growth of clusters consisting of only 
one monomer (for instance, carbon atoms), will lead to the formation of 
pure grains. Heterogeneous nucléation concerns the growth of clusters with 
different gaseous species leading to the formation of composite grains. This 
is the most realistic situation since a number of different chemical species 
will be present in the circumstellar shells and, depending on the local con- 
ditions, can be incorporated into the solids. Since conditions change in the 
circumstellar shell, the solid particles are most likely to emerge as layered 
structures of different composition. 

Dust condensation is thus regulated by the physical conditions and the 
chemical composition of the gas which will define the condensates that will 
be formed. The most abundant atomic and molecular species will regulate 
the chemical reactions that will lead from atoms to macroscopic clusters 
and particles. The process of grain formation can be seen as a diffusion 
process [160,161]. 

A process which may be important during the formation of grains is the 
process of annealing. At sufficiently high temperatures, i.e. T > 1000 K 
for Mg-rich silicates and T > 1300 K for Fe-rich silicates [162], groups of 
atoms in an amorphous (disordered) material can be rearranged within the 
lattice into more energetically favourable orientations. This solid state rear- 
rangement gradually introduces ordering within the lattice and yields local 
crystalline structures. If the heating process is sustained enough, the entire 
grain can be crystallised. 
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Fig. 27. Nucléation and condensation in soot formation (adapted from [165]). The 
steps are: Nucléation - first ring closure (1), Polycyclic Aromatic Hydrocarbon 
growth (2), and Condensation - coagulation (3), formation of graphitic platelets 
(4) and production of soot particles (5). The formation of carbon-rich dust in the 
envelopes of evolved stars is thought to follow these basic steps. 



Observationally, evolved stars with dust shells are known to exist in 
two main classes: i) stars of spectral type M where the oxygen abundance 
exceeds that of carbon, resulting in an oxygen dominated chemistry, and 
ii) stars of spectral type C where carbon is more abundant than oxygen, 
yielding a environment where the chemistry is dominated by that of carbon. 
A rare intermediate class of stars, the S stars, have about equal O and C 
abundances. The origin of these differences in abundance are the result 
of convective mixing between the stellar core and surface at the top of 
the AGB evolutionary phase which gradually brings the products of the 
He to C burning process to the surface (see the lecture by H.J. Habing, 
in this volume). This chemical dichotomy has profound implications on 
the composition of the dust particles which are formed in the envelopes 
of evolved stars. The most abundant molecule containing heavy atoms, 
CO, has an exceptionally high bond energy (11.1 eV). As a result the less 
abundant species (C in the 0-rich and O in the C-rich environments) will 
be locked in the CO molecule and unavailable for further chemical reactions 
or the formation of solids, yielding the observed differences in the chemical 
properties of M and C stars. In addition, CO is highly volatile and thus does 
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not generally condense into solids in the outflows of evolved stars. Similarly, 
the molecule N 2 is stable and unreactive implying that, in both M and C 
stars, nitrogen will not be available to form solid particles. In the case of C 
stars, the dust products will be dominated by carbon bearing species. Since 
carbon can form solid phase at high temperatures (~ 1700 K), the bulk of 
the solid phase material in the outflows of C stars will be made of carbon 
with graphite or amorphous structure. In the case of M stars, the monomers 
available for condensation are oxygen and less abundant elements such as 
Si, Fe, Mg or Al. Oxygen has no solid phase solid under the conditions in 
circumstellar shells and therefore the solid matter in M stars will consist of 
condensates consisting of a mixture of Si, Fe, Mg, Al and O, i.e. silicates 
and oxides. 

It has been shown that the steps to produce carbon dust in the winds 
of carbon stars are comparable to soot formation in the combustion of hy- 
drocarbons {e.g., [163,164]). Indeed, in the outflows of carbon-rich stars, 
the most abundant molecule (monomer) available for condensation is acety- 
lene (C 2 H 2 ). The nucléation proceeds as shown in Figure 27 with the first 
ring closure and subsequent growth of aromatic ring clusters. The route to 
the first ring closure and the further growth is described in [163,164]. The 
conversion of linear molecules to planar ring molecules has relatively high 
activation energies which are overcome by the high temperatures (about 
1000 K) found in the circumstellar environments. Once the first ring is 
formed, the further growth proceeds along a sequence involving the addi- 
tion of an acetylene molecule, followed by the extraction of an H atom to 
form an aromatic radical which will further react with acetylene to form 
an additional aromatic ring. These reactions lead to the formation of pla- 
nar structures containing many rings. The condensation processes will then 
transform the planar structures into three-dimensional solids, by stacking 
them regularly in parallel sheets (graphitic platelets) and/or by random 
grouping into amorphous structures (Fig. 27). In circumstellar atmospheres 
with a deficiency in hydrogen, the details of the nucléation will differ from 
the above description and the resultant carbon grains will be characterized 
by a lower H content. Finally, it should noted that Fe can condense as a 
pure metal, and that elements such as Mg, S, Si and C atoms not used in 
the production of carbon grains, can condense into sulphides (MgS) and 
carbides (SiC). 

The condensation products expected under thermodynamical equilib- 
rium in the circumstellar shells of oxygen-rich stars have been reviewed by 
Gail and Sedlmayr [166] and Tielens [167]. For a gas of solar composition 
(M stars have abundances which are roughly comparable to that of the 
the Solar reference abundances), the most abundant monomers which are 
available for the production of solids are Fe, Mg, SiO and H 2 O together 
with the less abundant elements Al, Ca and Ti. At high temperatures 
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(> 1500 K), the most important stable condensates are refractory oxides 
such as corundum (AI2O3) which may form via nucléation of AlO clusters. 
These refractory oxides form the nucléation seeds for reactions with the 
more abundant gaseous species SiO, Ca and Mg, at lower temperatures and 
form silicates such as spinel (MgAl204). Only a small fraction of the avail- 
able silicon and magnesium is involved in these condensates, and the bulk 
of the gaseous Mg and Si is incorporated into solid particles at much lower 
temperatures, i.e. between 1300 and 800 K. The initial stages of silicate for- 
mation likely involve the nucléation of AlO and SiO clusters which further 
react with Mg and H2O. Through the growth of Si04 tetrahedra linked by 
Mg cations, most of the silicon will be incorported into fosterite (Mg2Si04), 
the Mg-rich end member of the olivine family. Excess SiO can convert the 
forsterite into the Mg-rich end member of the pyroxene family, enstatite 
(MgSiOs). At lower temperatures, T ~ 700 K, Fe can oxidize into FeO. 
Iron can also react with enstatite grains to form iron-rich silicates such as 
fayalite (Fe2Si04). In the outer layers, where the temperature drops below 
~ 200 K water ice can form, producing a final layer on the refractory silicate 
core. 

9.3 Infrared spectroscopy of AG B and post- AG B stars 
9.3.1 Carbon-rich sources 

Figure 28 presents the ISO-SWS spectra of three C-rich evolved stars, 
the AGB star LP And, the proto planetary nebula SAO 34504 and the 
young planetary nebula NGC 7027. The spectral changes between the three 
sources are significant. 

When a carbon-rich star evolves onto the AGB its infrared spectrum (of 
which LP And is representative) is dominated by two broad emission bands, 
one near 11.3 /xm, which is generally attributed to SiC (a band also detected 
in absorption in some sources), and another peaking at about 26 /xm. This 
latter band is well below the peak of the so-called 30 pm. band which has 
been found in carbon-rich AGB stars and which has been attributed to MgS 
{e.g., [169,170]). The spectrum is otherwise smooth and dominated by a 
strong dust continuum. The absence of any emission feature below 10 pm is 
noteworthy. In particular, none of the infrared spectra of carbon-rich AGB 
stars observed so far display the series of emission features at 3.3, 6.2, 7.7, 
8.6 and 11.3 pm. This could be due to an excitation effect (cool AGB stars 
do not emit enough ultraviolet photons to excite the carriers of these bands) 
or to the absence of the band carriers in the AGB envelope (assuming that 
visible photons can excite the carriers of the mid-infrared bands (PAHs) as 
has been recently suggested [39]). In this context, it should be noted that 
part of the 11.3 pm band could also be due to hydrogenated amorphous 
carbons which have a characteristic spectral signature at this wavelength. 
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Fig. 28. ISO-SWS spectra illustrating the changes in evolved carbon-rich stars 
through the AGB and post-AGB phase. From top to bottom: the AGB star 
LP And. the proto-planetary nebula SAG 34.504 and the young planetary nebula 
NGC 7027. In NGC 7027. the narrow lines are atomic fine structure lines. Figure 
taken from [168]. 



When the star leaves the AGB phase, it rapidly evolves during the transi- 
tion to the formation of a planetary nebula, the so-called proto 
planetary nebula phase. The central stellar core degenerates and the enve- 
lope, which was ejected during the AGB lifetime, experiences a series of dra- 
matic events. Violent stellar winds with velocities of several hundred km s“^ 
impact the inner regions of the envelope and, as the temperature of the star 
rises, the effects of ultraviolet radiation become apparent. These changes are 
clearly reflected in the spectra of carbon-rich proto-planetary nebulae. As an 
example, the spectrum of SAG 34504 (also known as IRAS 22272-1-5435) - 
see Figure 28 - shows many features wdiich are not present in the spec- 
tra of AGB stars. Prominent broad bands (or plateaux) appear at 6 — 
9 and 10 — 16 /iin. together with the 6.2 //m C-C aromatic stretching 
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band of small carbon grains and a feature at 6.9 /im which corresponds 
to the deformation mode in -CH2 and -CH3 groups [171]. The carriers 
of the plateau emission bands are still unidentified but are likely related 
to carbon clusters (~ 400 C-atoms) [172]. As in the case of AGB stars, 
the absence in the spectra of proto-planetary nebulae of the complete se- 
ries of mid-infrared emission bands is significant. At shorter wavelengths, 
some carbon-rich proto-planetary nebulae (including SAO 34504) show un- 
usual 3 fxm emission features with strong 3.4 — 3.5 /rm emission relative to 
the usually dominant 3.3 /xm feature [173]. In the case of CRL 618, the 
3.4 /xm band is detected in absorption [174,175] (Fig. 29). As discussed in 
Section 3, the 3.4 /xm band is attributed to -CH2 and -CH3 groups (as is 
the 6.9 /xm feature) which are, in the outflows of carbon-rich stars, most 
likely associated with the aliphatic component in hydrogenated amorphous 
carbons. 

At longer wavelengths, two additional bands are seen, the well-known 
21 and 30 /xm bands (see also [170]). The 21 /xm emission feature has only 
been detected in a few carbon-rich proto-planetary nebulae [176] suggesting 
that it is due to a transitory species which can only be formed in carbon- 
rich environments. However, a firm identification of its carrier has not 
yet been found. Suggestions for its origin include glassy SiS2 [177] and 
nano-diamonds [178]. The 30 /xm band is present from the AGB phase 
(though its peak position does vary) to the planetary nebula phase. It is a 
dominant feature in the spectrum of NGG 7027 (Fig. 28 and [170]). Ghanges 
in the size and shape of the proposed MgS carrier grains, or differences 
in the composition, due to mantles, could account for the observed shifts in 
the peak wavelength [179,180]. 

The spectra of young carbon-rich planetary nebulae such as NGG 7027 
(Fig. 28) are dominated at near- and mid-infrared wavelengths by the series 
of emission bands at 3.3, 6.2, 7.7, 8.6 and 11.3 /xm which were, in fact, first 
detected in this source [181]. The 30 /xm band is present in NGG 7027 and 
has been reported for a few other planetary nebulae, such as IG 418 where 
the band is exceptionally strong and accounts for nearly 20% of the total 
luminosity of the source [169,170]. Superimposed on the continuum there 
is a series of intense atomic fine-structure lines emitted by the ionized gas 
in the inner central regions of the nebula. 

9.3.2 Oxygen-rich sources 

The infrared spectra of oxygen-rich evolved stars are dominated by the 10 
and 18 /xm bands of amorphous silicates seen in emission or in absorption 
depending on the optical depth in the envelope. The spectra of AGB stars 
display a remarkable variety in the shape, strength and peak wavelength of 
these bands (see, e.g., [168]) indicating that the elemental composition of 
the amorphous silicates in the outflows of evolved stars changes from source 
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Fig. 29. Optical depth plots of the 3.4 /rm absorption band in the proto-planetary 
nebula CRL 618 (crosses), 1RS 6E in the galactic centre (middle solid line) and 
the young planetary nebula IRAS 05341-1-0852 (lower solid line - this band, which 
is observed in emission, has been inverted for comparison). The data are com- 
pared to the measurements of the Murchinson meteorite extract (heavy solid line). 
Figure from [175] and references therein. 



to source. In the spectra of some M giants, an additional emission feature 
has been reported at 13 fim which is attributed to AI 2 O 3 [182]. Other metal 
oxides such as FeO and MgO have also been reported [168]. 
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Fig. 30. ISO-SWS spectra illustrating the evolution of dust from the AGB to 
the post-AGB phase in oxygen-rich envelopes. Prom top to bottom: the OH/IR 
star OH 26.5 (undergoing heavy mass loss), the young proto-planetary nebula 
HD 161796 and the young planetary nebula NGC 6302. All the spectra are 
characterized by a series of solid state features attributed to crystalline silicates. 
In NGC 6302, the narrow lines are atomic fine structure lines. Figure taken 
from [168]. 



A major finding of ISO was the discovery of a series of prominent 
emission features between 20 and 70 //in in the spectra of both AGB and 
post-AGB oxygen- rich stars with cool (he., temperatures less than a few 
100 K) circumstellar dust (Fig. 30). These features are attributed to crys- 
talline silicates [183-186]. A surprising result was the detection of these 
bands in the emnlopes of evolved stars which were known to be carbon-rich, 
e.g.. the young planetary nebulae BD+30°3639 [187], the Red 

Rectangle [188] and GPD— 56°8032 [189]. Many ox,ygen-rich evolved stars 
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Fig. 31. ISO LWS continuum subtracted spectra of evolved stars with cool dust 
shells. The 69 pm emission feature is due to forsterite. The 43 pm feature and 
part of the broad 60 pm band are due to lattice modes of crystalline H 2 O ice 
(clino-pyroxene also contributes to the 60 pm band). The emission line at 63 pm 
is the [Ol] fine structure line. Figure taken from [184], 



also show bands near 43 and GO pm [184] (Fig. 31) which arc identified with 
bands of the crystalline H 2 O ice (see also [190]). Although there could be 
some contamination due to crystalline silicate bands. It should noted here 
that similar bands of crystalline silicates have been found in the spectra 
of young stars [155] and in the spectrum of the comet Halc-Bopp [157]. 
The implications of the similarity of these spectra will be discussed in 
Section 10.3. 

The observed bands have been compared to laboratory spectra of oliA'ines 
(i\Ig,.Fc(i_j.)) 2 Si 04 . and pyroxenes, Alg.j,Fe(i_^)Si 03 . e.g. [134A91]. The 
magnesium-rich particles, i.e. x = 0.9 — 1. are Fonsterite (for olivines) 
and Enstatite (for pyroxenes). The detailed comparison of the ISO spectra 
AAuth the laboratory spectra of minerals has enabled, for the first time, a 
description of the mineralogy of the dust in the circunistellar media of 
eAoh'ed and young stars. The strong bands at 23.6 and 33.6 //rii are di.ie 
to oliAune, wdiile the bands at 26.2, 32.9, 35,8, 40,6 and 43.1 /mi are due to 
pyroxene (bottom panel of Fig. 30). The main inference from these com- 
parisons is that the crystalline silicates in eA^olved stars and in young stars 
appear to be Mg-rich and Fe-poor. This is in contrast to the composition 
of amorphous silicates which are belie\'ed to Fe-rich. From detailed analyses 
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of the ISO spectra, the Fe/Mg ratio appears to be smaller than 10% in the 
crystalline silicates. In particular, the 69 /xm olivine and the 40.5 )j,m pyrox- 
ene features are very sensitive to the Fe/Mg ratio and 
therefore introduce stringent constraints on the composition of the crys- 
talline silicates [184,185]. The abundance of crystalline silicates is generally 
found to be less than about 10 — 15% and thus remains small compared to 
the abundance of the amorphous silicates. 

Crystalline silicate bands are clearly detected in spectra of stars with 
high mass loss rates and dust temperatures lower than 200 — 300 K. The 
strength of the crystalline silicate bands varies (their strength relative to the 
continuum is in the range ~ 10 to ~ 50% in some planetary nebulae) and it 
appears that sources with evidence for disc structure have stronger bands 
than the sources with a “smoother” geometry. The formation mechanism 
for Mg-rich crystalline silicates in the outflows of evolved stars is still not 
clear but it has been pointed out that kinetic effects might be important 
[167]. One possibility is that Mg-rich crystalline silicates form directly at 
high densities (> lO^'^cm”^) and temperatures (> 1050 K) close to the 
photosphere. Thermally coupled to the gas, these grains are too hot to react 
with Fe, and have temperatures well above the glass temperature for Mg- 
rich silicates [162]. Further out, the temperature will drop enabling gaseous 
Fe to react with the Mg-rich crystalline silicates. The incorporation of Fe 
into the Mg-rich crystalline lattice gradually leads to an amorphitisation of 
the structure and the formation of Fe-rich amorphous silicates [167]. 

9.3.3 Evolved planetary nebulae 

Because they are extended, fully evolved planetary nebulae have low surface 
brightness and are difficult to observe. Therefore, the properties of the dust 
in old planetary nebulae is poorly documented. After the AGB phase, 
the newly formed grains are exposed to the strong radiation of the hot 
central star for periods of about lO"* years (the typical lifetimes of planetary 
nebulae). It is thus likely that, at least in the inner layers of the AGB 
envelope, the dust composition might change significantly. For instance, 
one would expect that the smallest grains will be destroyed, thereby altering 
the size distribution of the grain population which will be ejected into the 
interstellar medium. 

The Helix nebula is one of the nearest planetary nebulae and is at an es- 
timated distance of ~ 160 pc. It is a fully evolved nebula with a kinematical 
age of about lO'^yr. The massive envelope of molecular gas associated with 
the Helix forms a large broken shell surrounding the ionized cavity. This 
molecular envelope is inhomogeneous and consists of numerous dense con- 
densations which are associated with the cometary globules seen at optical 
wavelengths [192, 193]. The presence of dust in these globules is indicated 
by the variable extinction across the face of the nebula and the extinction 
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of background [OIII] 5007 Â emission in the globules. ISOCAM spectro- 
imagery revealed that the mid-infrared emission of the Helix is dominated 
by the series of the pure rotational lines of molecular hydrogen and also 
shows emission from some atomic lines. At the sensitivity of the ISOCAM 
measurements, there are no dust emission bands observed in the CVF spec- 
tra of the Helix, i.e. the bands at 6.2, 7.7, 8.6 and 11.3 /xm which usually 
dominate the spectra of young carbon-rich PNe such as NGC 7027 (see 
Fig. 28) are not seen in the Helix. 

The C/0 ratio in the Helix has not been measured but evidence strongly 
suggests that the envelope of the Helix is carbon rich (see discussion in 
[192]). Therefore, the absence of the familiar dust emission features in 
the CVF spectra is surprising. The upper limit on the intensity of the 
PAH features is an order of magnitude lower than in PDRs of comparable 
X value such as Ophiuchus [25]. Thus, in the Helix the mid-infrared band 
carriers are underabundant within the ionized gas and in the gas layers 
shielded from Lyman continuum photons. This is unlike what is observed 
in well-known H II region/molecular cloud interfaces, such as M 17SW. 

Similar results have recently been obtained for the Dumbbell nebula. 
At a distance of 260 pc, this planetary nebula has an estimated age of 
~ 6 X lO'^yr and is carbon-rich with a C/0 ratio of 1.4. As in the case of 
the Helix, the ISOCAM mid-infrared spectra are dominated by the strong 
pure rotational lines of H 2 and atomic lines [194]. Two dust features are 
detected at 6.2 and ~ 11 /xm with unusually weak intensities, relative to 
the H 2 , suggesting that the carriers are of a different composition to the 
interstellar band carriers and that they are underabundant. 

The weakness and/or the absence of dust emission bands in the mid- 
infrared spectra of the Helix and the Dumbbell implies that molecular-sized 
dust particles are underabundant in these carbon-rich sources. It is possible 
that the small particles have been altered/destroyed by exposure to the 
strong radiation field of the central star during the first few thousands years 
of the planetary nebula phase. As a result, these nebulae will not enrich 
the interstellar medium in PAHs or small grains. Further studies of other 
evolved planetary nebulae would be useful to see if this result is general, 
in which case an efficient process for producing small grains must be active 
in the interstellar medium to account for their ubiquitous presence in space 
(see Sects. 6.1 and 7). 

9.4 Dust in SNR and hot stars 

Supernovae may be important sources of dust in the Calaxy [1,195,205,207] 
if the observation of SN 1987a are at all typical [204]. However, the interpre- 
tation of the observations of dust around supernovae are often fraught with 
difficulties and uncertainties. These concern whether the dust that is ob- 
served is actually formed in-situ, as seems to be indicated in the case of SN 
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1987a [204], or if it is simply pre-existing dust that has been illuminated and 
heated by the supernova. Recent studies involving ISOCAM and ISO-SWS 
observations of the supernova Cassiopeia A seem to show further evidence 
for the condensation of dust in supernovae [196, 197]. The ISOCAM ob- 
servational data show dust emission that is spatially well-correlated with 
fast-moving gaseous knots [196], and the ISO-SWS data show an emission 
feature at ~ 22 /rm that is consistent with a silicate dust composition [197]. 
These data along with the observations of SN 1987a [204] therefore seem 
to indicate that supernovae may be efficient dust producers. However, the 
ISOCAM observations of Cassiopeia A [198] also seem to imply that hetero- 
geneous mixing in the supernova ejecta is important and that supernovae 
are probably not the main dust factory in the Galaxy. Thus, it appears 
that the actual contribution of supernovae to the Galactic dust budget is 
still not clear. 

It should be noted that favourable conditions for the formation of solid 
particles are also found in the vicinity of hot stars such as Wolf-Rayet and 
R Coronae Borealis stars [199] and in the environments of novae (see [200] 
and references therein). Compared to the outflows of evolved stars, where 
the dust formation is a continuous process, in these stars the dust is formed 
rapidly (in episodic outbursts) allowing us to monitor the growth and subse- 
quent development of the newly formed grains. Both cases are good observa- 
tional test beds for dust nucléation theory, indicating alternative pathways 
to dust formation the hostile astrophysical environments of these sources. 
However, the contribution of grains formed in the hot stellar winds of mas- 
sive stars and in novae to the overall dust population is relatively modest 
(Table 4). 

10 The life cycle of dust 

The discussions presented in the previous sections clearly show that the life 
cycle of dust is associated with that of the stars at all stages of their evolu- 
tion. In this section, we summarize our current understanding of the major 
sources of dust formation associated with stars, the processing and evolu- 
tion of dust in the interstellar medium, and the nature of the interstellar 
dust directly sampled in the solar system. 

10.1 Sources of dust 

The large infrared excesses and high optical opacities due to dust in the 
circumstellar shells of stars in the red giant phase of their evolution re- 
veal the presence of newly- formed stardust (Sect. 9). Grain formation in 
these environments is confirmed by peculiar isotopic ratios, measured in the 
interstellar grains, recovered from meteorites, which show signatures char- 
acteristic of particular stellar types. The noble gas elements are particularly 
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useful tracers of the origin of meteoritic SiC formation in AGB stars and 
supernovae {e.g., [201-203]). 

Dust rich in silicon, metals and oxygen originates in M giants and super- 
giants, and carbonaceous dust originates in carbon stars. Supernova may 
also be an important source of stardust if the dust formation observed in 
SN 1987A and Gas A is typical [196,204]. Planetary nebulae, novae, and 
Wolf-Rayet stars seem to contribute only a small fraction of the Galactic 
stardust budget. Table 4 summarizes the relative contributions of stellar 
sources to the stardust budget [1,205,206]. 

The dust formation rate averaged over the Galaxy is thus of 8 x 10“® 
to 3 X 10“^ Mq kpc“^ where the upper limit assumes efficient dust 

formation in supernovae. Assuming that the interstellar dust mass is 1% 
of the gas mass {i.e., 0.01 x 5 x 10® Mq), the Galactic dust mass can be 
replenished on a timescale of order 3 x 10® yr {e.g., [205-207]). 



10.2 Dust processing in the interstellar medium 

Dust in the interstellar medium is subject to both constructive and destruc- 
tive processing. The interstellar dust composition and size distribution is 
therefore a balance between the formation and destruction processes oper- 
ating in circumstellar and interstellar media. The constructive processes of 
nucléation, condensation, accretion and coagulation generally occur in dense 
regions such as circumstellar shells and dense molecular clouds. The de- 
structive processes, e.g., sputtering by incident high-energy gas atoms/ions, 
and disaggregation, shattering and vaporization in energetic grain-grain col- 
lisions, generally occur in the low density interstellar gas where the effects 
of shock waves from supernovae and stellar winds are dominant. 

Observations show that strong shocks can destroy dust [12,208-210]. 
Dust destruction in shocks waves has received much theoretical study (see 
Sect. 7.1.1) and grain lifetimes of the order of 400 to 600 million years 
are indicated. However, the injection timescale for newly-formed dust is of 
order 3 billion years {e.g., [205] and Sect. 10.1). The disparity between these 
time-scales is at odds with the large depletions of the refractory elements 
observed in the interstellar medium {e.g., [17]). Thus, on the basis of the 
theoretical models, we must conclude that dust is (re)formed in situ in the 
interstellar medium. 

It is worth pointing out here that theoretical studies of dust rely on 
certain assumptions about the values of physical parameters that are not 
well-determined observationally or experimentally. These uncertainties con- 
cern the structure of the interstellar medium, the structure and evolution 
of supernova remnant shocks, and the microphysical properties of the dust, 
e.g., porous grains (see [206] for further discussion). 




F. Boulanger et al.: Interstellar Dust 



325 



Table 4. Contributions of stardust sources. 



Source 


Contribution 
(xl0“® Mq kpc“^ yr~^) 


M giants 


3 


OH/IR stars 


3 


C stars 


2 


Supergiants 


0.2 


Novae 


0.003-0.2 


PN 


0.03 


WC stars 


0.03 


SN type II 


0.15-14 


SN type la 


0.03-2.3 



10.3 The crystalline-amorphous-crystalline silicate transition 

The observation of crystalline silicates around evolved stars, young main 
sequence stars and comets [153,154,183,211-213] has been an exciting de- 
velopment in the study of the evolution of interstellar dust and stardust. 
These observations do, however, pose many questions about the processing 
of dust throughout its lifetime in the interstellar medium. A significant frac- 
tion of the newly-formed dust around evolved stars consists of crystalline 
Mg-rich silicates, yet in the diffuse interstellar medium the silicate dust, 
which presumably came from these same types of stellar sources, is appar- 
ently completely amorphous {e.g., [17]). When this amorphous interstellar 
dust is incorporated into the regions around young main sequence stars and 
also into comets, objects formed from the interstellar medium, we see that 
some fraction of the silicates are again crystalline. Thus, somehow, in the 
interstellar medium crystalline silicates become amorphous and then crys- 
talline again when they are associated with young stars. It is possible that 
supernova-generated shock waves and cosmic rays in the interstellar medium 
may play a rôle in the process of silicate amorphitisation {e.g., [214]). How- 
ever, a process in which amorphous grains could undergo crystallization 
without sustained heating to temperatures greater than 1000 K [162] is 
hard to find. Thus, if the recrystallization of amorphous interstellar dust 
does occur it can only be in the vicinity of stars hot enough to heat dust 
to high temperatures (> 1000 K) for long periods, e.g., in the compact Hll 
regions around hot, massive stars. 
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Some process in the interstellar medium clearly renders dust amorphous 
and alters its chemical composition. This is certainly the case for silicates 
which have been shown to be partially crystalline in many circumstellar 
shells [153,154,183,211] but are found to be completely amorphous in the 
interstellar medium [17]. However, whatever process renders crystalline sil- 
icates amorphous in the interstellar medium must also render carbonaceous 
grain species amorphous. The effects of such processes on carbon grains 
have not yet been fully investigated. 

It therefore seems likely that dust in the interstellar medium will retain 
no “memory” of its formation in a given stellar environment but should 
instead be characterized by its processing in the interstellar medium. It 
has been suggested [215] that the heavily irradiated grains known as GEMS 
(Glass with Embedded Metal and Sulphides) found in the collected inter- 
planetary dust particles represent silicate stardust transported through the 
interstellar medium. This suggestion, whilst intriguing, is still not with- 
out problems. A detailed overview of the evidence for, and against, GEMS 
being interstellar material has been presented [216]. 

In contrast, some presolar dust components extracted from primitive 
meteorites, e.g., SiG and graphite grains, show no such evidence of having 
been processed [217]. The isotopic compositions of these grains indicate that 
they were formed around AGB stars. They have therefore clearly traversed 
the interstellar medium and yet show no evidence of processing despite their 
long lifetimes, ~130 to > 100 million years [218]. 

Gosmic rays could also play a rôle in amorphitising interstellar grains, 
although their flux may be low their energy and implantation depths are 
much greater than for the shock implantation of atoms/ion. Gosmic rays 
should be a continuous source of dust processing in the interstellar medium, 
in contrast to the stochastic interactions of shock waves. Thus cosmic rays 
will provide a source of processing ions in all environments. Unfortunately, 
the cosmic ray flux at relatively low energies (~1 MeV) is not well known. 
However, the fact that the long-lived presolar SiG and graphite grains show 
no signs of processing would seem to suggest that the effects of cosmic 
rays are not important. These presolar grains are then those that were 
never exposed to the effects of shock waves in the interstellar medium and 
therefore arrived in the solar system in a pristine state [206] . 

10.4 Interstellar dust in the solar system 

The meteoritic record shows {e.g., [203]) that dust formed in circumstel- 
lar shells survived for some considerable time in the interstellar medium 
and was eventually incorporated into the solar system. In Table 5 we sum- 
marize the extracted and analyzed refractory presolar grain components of 
the Orgueil meteorite (data taken from [219] and references therein). The 
presolar grains described in Table 5 are, however, only trace components 
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Table 5. Pre-solar grains in the Orgueil meteorite. 



Composition 


Radius 


Abundance (% by mass) 


Diamond 


~ 5 Â 


0.145 


SiC 


150 Â — 5 /im 


0.0014 


Graphite 


0.4 — 3.5 /xm 


0.0006 


AI2O3 


> 0.5 /xm 


5 X 10-5 


TiC 


35 - 100 Â 


~ 10-® 



making up less than 0.15% of the meteorite mass. Presumably much of the 
less refractory dust {e.g., silicates) incorporated into the meteorite is lost 
during the chemical processing used to extract the refractory grains from 
the bulk meteorite. 

The solar system is today still collecting interstellar dust. Evidence for 
this comes from the 1992 Ulysses spacecraft fly-by of Jupiter [220,221], 
and the radar detection of particles entering the Earth’s atmosphere [222] 
which detect dust particles with radii in the micron to tens of microns size 
range with velocities greater than the escape velocity for the solar system 
at the point of detection. They must therefore be of interstellar origin. 
The detection of the interstellar particles flowing into the Solar System has 
many implications for the nature of the local interstellar dust and for the 
physics of these grains in the heliosphere [223] . The results of these studies 
are interesting because they indicate that a non-negligible fraction of the 
interstellar dust population is composed of particles with sizes of the order 
of 1 fMii [101,102]. 

11 Summary and perspectives 

In this lecture, we have described our present knowledge on the nature 
and the evolution of interstellar dust through the information gained from 
observations at infrared wavelengths mainly with ISO and CO BE. These 
observations encompass all aspects of interstellar dust from its formation 
to destruction, as well as its processing in all astrophysical environments. 
Three particular aspects of dust in the interstellar medium have been high- 
lighted in this lecture. They include the formation of dust in evolved stars 
(Sect. 9), its evolution in the interstellar medium (Sect. 7) and the pro- 
cessing of the dust in protostellar condensations and young stars (Sect. 8). 
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Although the nature and the properties of the dust at each of these stages 
is becoming reasonably well understood, the transitions between them are 
far from settled. For instance, the dust which is produced in the shells of 
evolved stars is ejected into the interstellar medium where it can be fur- 
ther processed by cosmic rays, shock waves, starlight, coagulation, and the 
accretion of gas phase species. It is not yet clear how these changes are 
introduced. For example, what are the relative contributions of the above 
processes to the transformation of dust formed in the outflows of evolved 
stars into interstellar dust? An illustration of this is the observation of 
crystalline silicate and other bands around evolved stars but their apparent 
absence in the interstellar medium. Another example concerns the chemi- 
cal processing of icy mantles into complex organic molecules in the dense 
regions surrounding protostars. The nature of the matter which survived 
the formation of stars, and is incorporated into proto-planetary discs, and 
ultimately into comets and planets is one of the key problems in astro- 
physics. 



Looking ahead, future space missions will allow us to make progress on 
the nature of interstellar dust and perhaps provide answers to some of these 
questions. The Space Infrared Telescope Facility (SIRTF) with its high 
sensitivity imaging and spectroscopic capabilities [224] will enable us to 
complement and improve on what has already been achieved with ISO. The 
spectro-imaging capabilities on the Far-Infrared Space Telescope {FIRST} 
[225], SPIRE [226] and PACS [227], as well as cosmological missions such as 
PLANCK [225], will allow us to study the nature of the cold interstellar dust 
at sub-millimetre wavelengths. In situ sampling and analysis of interstellar 
and cometary dust by the ROSETTA mission [228], and laboratory analysis 
of samples returned from space, such as by the STARDUST mission, will 
be milestones in our understanding of the composition and structure of 
this dust. Finally, the high sensitivity infrared capabilities planned for the 
NGST[22Q] will open up entirely new observational possibilities which could 
allow us, for instance, to characterize the dust composition along all the 
stages leading to the formation of a star including proto-planetary matter 
in isolated circumstellar discs. 



We are thankful for the continued support and the patience of the editors 
throughout the lengthy gestation period of this paper. We are indebted 
to many colleagues for useful suggestions and discussions, and we would 
like to particularly acknowledge A. Abergel, M. Barlow, E. van Dishoeck, 
L. d’Hendecourt, J. Lequeux, L. Verstraete, C. Waelkens and R. Waters. 
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NORMAL GALAXIES IN THE INFRARED 



G. Helou 



1 INTRODUCTION 

A normal galaxy is one that derives its luminosity primarily from nuclear 
burning in stars, and is at neither the high nor the low extreme of the lumi- 
nosity distribution. In such galaxies, the visible and ultraviolet is the only 
direct window onto the photospheres of stars, whereas the rest of the spec- 
trum reflects reprocessed light from stars (Fig. 1). Dust in the interstellar 
medium reprocesses part of the stellar luminosity into infrared emission from 
a few /imto 1 mm or longer wavelengths. The radio emission at millimeter 
wavelengths derives from thermal emission from ionized plasmas in HII re- 
gions, whereas the synchrotron emission from cosmic ray electrons (CR e“) 
trapped in the magnetic held of the galaxy All in the cm-wavelength spec- 
trum. In the X-rays, the luminosity is dominated by very hot plasmas at 
T ^ 10® K created by shocks from supernova explosions. The global spec- 
trum of normal galaxies has some very stable signatures, and other quite 
variable aspects. Much of this article is an attempt to understand what 
makes for stability in the spectrum, and what significance to attach to the 
variable parameters. 

Since stars form in the interstellar medium (ISM), it is no surprise that 
galaxies forming stars actively have substantial ISM luminosities, conveyed 
overwhelmingly in the infrared, and often exceeding by large factors the 
optical and ultraviolet luminosity. Studying galaxies in the infrared is thus 
tantamount to studying the ISM and its properties, and star formation (SF) 
activity on large scales. 

Astration, the cycle of star formation, nuclear burning and ISM 
enrichment in heavy elements, is the primary secular change and main evo- 
lutionary process affecting the chemical make-up and energy balance of the 
Universe. Because the luminosity function {e.g. Kim and Sanders 1998) 
falls fast enough that the integral over the population is dominated by the 
low end of the luminosity interval, over 90% of star formation in the local 
Universe takes place in normal disk galaxies, rather than the spectacular 
extremes. Thus, normal galaxies essentially cause and host Cosmic nuclear 
evolution. 
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Fig. 1. The full spectral energy distribution for three representative star-forming 
galaxies. Note in particular the variation in the relative importance of the infrared 
and the visible-ultraviolet bands. Spectra are normalized to the same ordinate at 
60 /rm. 



Normal galaxies form a unique bridge between our detailed 
understanding of the Milky Way and our global understanding of the 
Universe and its history. Empirically, the integrated emission from galaxies 
must be compatible with the properties of Galactic objects. Our physi- 
cal models of the local energy balance and of large-scale processes in the 
ISM must be consistent with the observed global behavior. On the other 
hand, galaxy luminosity and spectral properties are a crucial ingredient to 
modeling the observed faint extragalactic source counts and infrared back- 
ground. Moreover, modeling the counts and background requires more than 
a census of the passive population (c/. article by Puget and Guiderdoni in 
this volume), and our models of galaxy behavior must be consistent with 
population evolution required to explain deep counts. The enrichment in in- 
dividual galaxies must also add up to the observed current-day abundances. 
Thus achieving an accurate representation of normal galaxies would verify 
directly the validity of underlying models of the Milky Way ISM, and is a 
necessary step to the interpretation of cosmological results. 
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The InfraRed Astronomy Satellite (IRAS; Beichman et al. 1986) ushered 
in the era of space-based infrared astronomy in a dramatic fashion, reveal- 
ing a stunningly rich infrared sky, unanticipated from the bits of infrared 
data previously and heroically collected from the ground. IRAS conducted 
the first unbiased all-sky survey at 12, 25, 60 and 100 /xm, as well as a 
spectroscopic survey with a resolving power of 20 between 7.5 and 23 /xm, 
for objects brighter than 10 Jy or so. IRAS had a profound influence on as- 
tronomy in general, not just the infrared, because it represented such a very 
large gain in sensitivity and spatial coverage, comparable perhaps to going 
from attempting visual astronomy in daylight to observing in a dark night 
(Beichman 1987; Soifer et al. 1987). Another significant factor in this influ- 
ence was the dissemination of data products from IRAS, including source 
catalogs, image atlases and sky brightness estimates, generated with great 
care and well characterized and documented as to reliability, completeness, 
flux accuracy and other statistical attributes. 

The Infrared Space Observatory (ISO, Kessler et al. 1996) took infrared 
astronomy in space to new levels of sensitivity and into a new realm of spec- 
troscopy across the whole range of 3 to 200 /xm. Its versatile instrumentation 
took to the rich and fascinating extragalactic infrared sky first revealed by 
IRAS, and moved our knowledge of that sky an order of magnitude further 
and deeper. 

In what follows, methods traditionally used in the study of normal galax- 
ies are described, and outstanding questions currently pursued in the field 
are stated. The most prominent results from the IRAS survey are reviewed 
in Section 3. Gontributions by ISO in the field of broad-band photometry 
are then presented (Sect. 4), followed by results in spectrospcopy (Sect. 5). 
Normal galaxy studies not directly concerned with the ISM are reviewed 
in Section 6. The outlook and challenges in pursuing the interpretation of 
infrared data on the ISM are discussed in Section 7. 



2 THE STUDY OF NORMAL GALAXIES 

Normal galaxies span wide ranges of luminosity and many other parame- 
ters such as density, intensity, metallicity, extinction, or light-to-mass ra- 
tios. This great diversity in properties, and the complex mix of physical 
conditions within each system, have frustrated attempts at deriving sim- 
ple models for the behavior of these “unremarkable” galaxies. Surveys of 
galaxies in the local Universe have thus become particularly valuable for 
codifying the empirical evidence. Survey data are typically analyzed to 
generate statistical information or to address specific questions, usually us- 
ing global or integrated properties. For instance, luminosity functions are 
derived, or correlations between parameters are established. In such sta- 
tistical studies, close attention must be paid to the sample used, for its 




342 



IR-Space Astronomy 



completeness, selection biases, parameter-space coverage and other aspects 
could affect the results substantially. Statistical results are usually inter- 
preted in phenomenological terms, explaining the observed trends for in- 
stance as reflecting the mixing of two components with distinct properties. 

A complementary approach is to study in great detail a few nearby, 
spatially well resolved systems, and to derive insight from the similarities or 
contrasts among these cases. Such detailed case studies tend to search for 
physical insight by relating observational trends to the variation of a physical 
parameter of the system. While similar insights can also be pursued with 
statistical studies, case studies can make more convincing arguments based 
on detailed physical models of the ISM on small scales where homogeneity 
can be assumed. 

Ultimately, one would like all these diverse interpretations to be collected 
into a self-consistent and complete picture. The main obstacle to such 
unification is that each observable Pobs is a complicated integral over the 
physical system: 



Fobs = [ [ fp{U,n,T,Xp)dldn, 

j n j\—o—s 

where the integrals are taken over the solid angle of the galaxy and through 
the line-of-sight respectively, and the contribution at each point is a function 
of radiation intensity U, density n, temperature T, and weighting functions 
Xp such as geometry or optical depth effects; the form and dependencies 
of fp vary greatly among observables. While the availability of spatially 
resolved data simplifies the problem by narrowing down the solid angle and 
therefore the variability of fp, it does not eliminate it entirely. 

The empirical pursuits concerning normal galaxies typically aim at 
deriving a better description of the infrared properties, especially in terms 
of identifying the “fundamental parameters” that stand behind the many 
correlated parameters, and pinning down the precise significance of observ- 
ables in terms of physical parameters. Another main goal is to pin down 
similarly the fundamental sequence defined by the evident progression of 
infrared properties, and to understand its key significance. Is the true 
sequence simply defined by the infrared spectral energy distribution? Is 
it driven by intensity variations? Or by the UV content of the heating 
spectrum, and therefore the galaxy’s content of young stars? Are there 
secondary parameters defining truly significant multi-dimensional families 
of properties? Can low-luminosity analogs be defined for objects with 
extreme properties, making more cases available for study in the Local 
Universe? An improved empirical understanding of the data in these terms 
will help improve our understanding of extreme systems, help us better plan 
high redshift surveys, and understand their biases, and will feed 




G. Helou: Normal Galaxies in the Infrared 



343 



directly into deciphering the data on the infrared cosmic background and 
on source counts at faint levels. 

The physical understanding of star formation on the scale of galaxies 
must start by addressing the episodic behavior of star formation, and the 
apparently chaotic behavior on the kpc scale within disks. Gan a cycle 
be identified with well defined phases? Gan those phases be distinguished 
by observations, and can physical drivers and inhibitors for episodes be 
identified? Gan a galaxy then be understood in terms of a superposition 
of phases of many overlapping episodes, and can the factors be identified 
which regulate the “steady-state” of the whole disk and the correlations 
between global parameters? Ultimately, physical models of star formation 
in galaxies would be used to simulate the history of star fromation and 
chemical evolution in the Universe, and construct more reliable models of 
primordial galaxies to guide the search for those first-generation objects. 

3 GALAXIES IN THE INFRARED: THE IRAS ERA 

IRAS conducted the first unbiased all-sky survey (or almost, covering 98% 
of the sky), detecting point sources down to 0.2 mJy or fainter at 12, 25 
and 60 /rm , and down to 1 Jy at 100 /im (Beichman et al. 1986; Moshir 
et al. 1992). IRAS also carried out a spectroscopic survey with a resolving 
power of 20 between 7.5 and 23 /xm, for objects brighter than 10 Jy or so. 
IRAS doubled the amount of existing infrared data at A > 5 /xm within 
its first an hour of observation. The IRAS mission lasted ten months. It 
resulted in a data set which completely defined our knowledge of normal 
galaxies at A > 5 /xm until the launch of ISO. The Kuiper Airborne Obser- 
vatory (KAO) contributed its share to the field, but because it was limited 
to high surface brightness objects, its impact on normal galaxies remained 
minor. 

IRAS measured fluxes for nearly 60 000 galax;ies, perhaps half of which 
were previously uncatalogued. It allowed detailed studies of many nearby 
galaxies, and of course of the Milky Way, establishing several crucial connec- 
tions between global properties of galaxies and specific aspects and phases 
of the local ISM. Some of the contributions of IRAS to normal galaxies sta- 
tistical properties are summarized in the following three subsections. See 
also the early review by Soifer et al. (1987), and the overviews in the 1991 
Les Houches Summer School proceedings. 

3.1 Basic parameters and statitics 

3.1.1 Infrared luminosity 

A few key parameters have gained much currency in the study of the 
integrated emission from galaxies in the infrared. Foremost among these 
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is infrared luminosity >C(IR), used quite often as an indicator of the total 
level of activity in the ISM. Various authors have used different spectral 
definitions for /l(IR), most commonly favoring either the far-infrared (FIR) 
or the total infrared £(TIR). The IRAS data naturally lead to the “FIR” 
definition (Helou et al. 1988) of a synthetic band combining in a simple 
way the 60 and 100 /rm flux measurements. /Ifir in units of W m~^ 
is defined by £fir = 1-26 10“^‘*[2.58 /i/(60 /xm) -|- /,y(100 ^m)], where 
fu{Q0 A^m) and /,y(100 fim) are in Jy. Helou et al. (1988) demonstrated 
that this combination approximates to within 1% the flux in a synthetic 
band with uniform transmission between 42.5 and 122.5 /xmfor blackbody 
and modified blackbody (with emissivity (x A") curves with temperatures 
between 20 and 80 K, and for emissivity index n between 0 and 2. They 
argued this property should therefore also apply to realistic spectral energy 
distributions of galaxies because those must be made up of a superposition 
of modified blackbodies in this temperature range. It is essentially a coin- 
cidental result of the properties of the IRAS filter shapes that the simple 
linear combination allows us to estimate the luminosity in a well defined 
spectral window. The real interest of FIR however is that this window en- 
compasses a large fraction, and therefore a representative measure, of the 
total infrared luminosity. Fortunately, as discussed in Section 4 below, the 
ratio £(TIR)/£(FIR) is on the order of 2, and varies relatively slowly with 
the properties of galaxies. 

While £(IR) is a good indicator of the total luminosity from the ISM 
of a galaxy, some authors have claimed it to be proportional to the star 
formation rate. This interpretation has been controversial, and is most 
probably erroneous, as discussed in Section 3.4 below. £(IR) is an extensive 
quantity, best approximated as an integral over the galaxy of the intensity 
of the interstellar radiation field times the effective local optical depth of 
the dust to this radiation. Its interpretation as a measure of star formations 
is valid only when the optical depth is high everywhere, and the radiation 
field is derived primarily from young stars. 

The normal galaxies under discussion have £(IR) in the range lO"^ — 
10^^ /I©. Over this interval, the distribution of infrared luminosities is well 
described by a power-law function with an index in the range —2 to —2.5 
(Kim and Sanders 1999). In ultra-luminous galaxies (Houck et al. 1985; 
Harwit and Houck 1987; Sanders and Mirabel 1996), £(IR) exceeds lO^^/l©, 
emanating from an ISM heated by prodigious star formation or possibly by 
an active galactic nucleus. At the other extreme of T(IR), IRAS showed 
that a minimum luminosity in the mid-infrared can be expected from the 
photospheres of stars in galaxies (Soifer et al. 1986), but was not sufficiently 
sensitive to establish whether galaxies emit a minimum luminosity in the far 
infrared in addition to the photospheric emission, and apart from the ISM 
emission found even in Elliptical galaxies (Jura 1986; Knapp et al. 1989). 
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Even ISO data may not be adequate to address this question. 

3.1.2 The infrared-to-blue ratio 

The infrared-to-blue ratio (IR/B) compares the luminosity reprocessed by 
dust to that of escaping starlight, and is therefore short-hand for the ratio 
of total infrared to total emerging photospheric emission, from the near- 
infrared to the ultra-violet. This ratio ranges broadly, from < 0.01 to ~ 100 
in known galaxies (Fig. 1), with a weak dependence on parameters such 
as morphology (Sauvage and Thuan 1994), suggesting that it fluctuates 
substantially in time for the same galaxy. 

Because it is a dust-to-star luminosity ratio, IR/B might be interpreted 
as a function of the effective optical depth of a simple system of stars and 
dust, with IR/B oc [r — (1 — e“'^)]/(l — e”"^). Most normal galaxies however 
are far from this simplicity: some of the visible luminosity comes from stars 
not participating in the heating of dust, especially old stars in the bulge 
or far from interstellar clouds. On the other hand, some of the infrared 
luminosity is traceable to stars completely hidden inside dense clouds, and 
all but invisible from the outside. Still, IR/B could be turned into a measure 
of effective optical depth using assumptions for the geometry of stars and 
dust, for the spectral energy distributions of heating stars, and for the dust 
efficiency of absorption as a function of A {e.g. Xu and Helou 1996). Such 
assumptions may be well bounded in special cases such as specific parts of 
a disk, or star-burst galaxies, but their uncertainty is harder to estimate for 
whole galaxies. 

While the interpretation above may be a good approximation for 
IR/B ^ 1, an alternative at lower values is that IR/B characterizes the 
ratio of current or recent star formation rate to the long-term average rate. 
In a picture where geometry, heating spectra and dust properties are fixed, 
the dust luminosity may be interpreted as a measure of stars interacting 
with the ISM, and thus of the stars recently formed out of that ISM. Un- 
fortunately, the precise time intervals implied by the terms “recent” and 
“long-term” are themselves a function of the history of star formation in a 
given galaxy. This interpretation of IR/B applies to systems whose infrared 
emission is limited by the amount of heating photons available, whereas 
the optical depth interpretation applies to systems whose infrared emission 
is limited by the amount of dust available to heat. A dwarf galaxy like 
NGG 1569 for instance may be undergoing intense star heating by young 
stars, but have very little neutral ISM left, resulting in low IR/B. On the 
other hand, a quiescent galax;y may generate most of its infrared emission in 
HI clouds heated by the older stellar population, and display a similarly low 
IR/B. The degeneracy between these two cases can only be broken by use 
of other observables, such as stellar population and morphology, infrared 
spectral energy distribution, or spectroscopic diagnostics of the gas. 
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The large dispersion in the IR/B ratio points to dramatic fluctuations 
in the star formation activity during the lifetime of a galaxy, hence the no- 
tion that much of star formation is episodic. Small irregular galaxies are 
characterized almost entirely by intense episodes of star formation sepa- 
rated by long quiescent periods. There is abundant evidence that galaxies 
undergoing a nuclear starburst cannot sustain it for more than a small frac- 
tion of their lifetime (Sanders and Mirabel 1987). Large disk galaxies in 
steady state appear to have several episodes under way at any time within 
their disk, and observed parameters integrated over the whole galaxy are 
an ensemble average across all phases of these episodes. 

3.1.3 IRAS colors 

Mid- and far-infrared color ratios describe the shape of the dust emis- 
sion at those wavelengths. To first order, the spectra of normal galaxies 
are organized into a single family of curves, manifested as a linear lo- 
cus that galaxies occupy in the IRAS color-color diagram (Helou 1986). 
This diagram was quite surprising at first look, since it implies that the 
spectrum becomes cooler when judged by the mid-infrared R(12,25) = 
fu{12 /xm)//jy(25 fim) color as it gets warmer in the far-infrared color ra- 
tio R(60, 100) = ^m)//i,(100 ^m) (Fig. 2). It turns out that this 

behavior results from the interplay of two spectral components: blackbody- 
like emission from classical grains in temperature equilibrium mostly at the 
longer wavelengths, and relatively fixed-shape mid-infrared emission from 
tiny grains with a few hundred atoms or less, intermittently heated by single 
photon events (more in Sect. 4.2). 

The sequence of infrared colors in Figure 2 was clearly associated with 
a progression towards greater dust-heating intensity, as illustrated by the 
progression of colors in the California Nebula as one approaches the heating 
star (Boulanger et al. 1988). The cool end of the color sequence corresponds 
to cool diffuse HI medium and to quiescent molecular clouds, whereas the 
warm end corresponds to the colors of HII regions, star-bursts and galaxies 
with high IR/B ratios and higher infrared luminosity. It is thus natural to 
associate the color progression with a sequence of star formation activity 
in galaxies, signalling in simplest terms an increase of the fraction of £(IR) 
traceable to young stars (Helou 1986; Sect. 3.4) 

The span of this activity sequence corresponds to a significant shift in 
the infrared specturm. In the coolest spectra, the peak in is at ~ 150 /rm; 
it shifts to ~ 60 /im or shorter in the warmest galaxies. However, in spite 
of their usefulness as indicators of ISM activity, the color ratios derived 
from IRAS data are useless for deriving dust temperature, which would 
then be used to derive a dust mass. The infrared spectra of galaxies are a 
weighted mean over a broad range of environments in which dust emission 
arises, and are driven far from blackbody temperatures by non-equilibrium 
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log I„(12 ^m)/I^(25 Iim) 



Fig. 2. The IRAS color-color diagram describes the variation in the shape of the 
infrared emission from interstellar dust as the star formation activity and dust 
heating vary in the galaxy. This plot shows the data for the sample used in the 
ISO Key Project on Normal Galaxies (cf. Sect. 4.1). 



emission from tiny grains which fluctuate between near zero K and high 
excitation by single photons (Sect. 3.4 and Sect. 4.2). 

3.1.4 Other estimators 

Of many other parameters used in analyzing the empirical properties of 
galaxies from IRAS data, only two are shown here, for illustration rather 
than completeness. In using such estimators, one should be aware of the 
assumptions that enter into relating them to specific physical quantities, and 
estimate the uncertainties resulting from the inaccuracy of the assumptions 
in addition to the inherent measurement uncertainty. 

The ratio of /,y(100 /im) to the HI A 21cm line flux has been used as an 
indicator of the dust-to-gas ratio. This interpretation however works only 
in very broad terms when comparing galaxies, since several factors other 
than dust to gas ratio affect the parameter (Helou 1985). For instance, 
the 100/im-to-HI ratio scales at least linearly with heating intensity, and 
depends on the assumed ratio of atomic to molecular hydrogen, as well as 
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on the fraction of Hl-related dust which is heated sufficiently to emit at 
100 /im, as opposed to dust in an extended HI envelope which remains cold 
enough as to be irrelevant at 100 /xm. This estimator works better locally 
within galaxy disks as a ratio of surface brightness at 100 /xm and in HI as 
opposed to a global parameter (Dale et al. 1999). See Melisse and Israel 
(1994) for an interesting analysis. 

The ratio of FIR flux to CO flux has been used as a measure of star 
formation efficiency, in the context of interpreting >C(FIR) as a measure of 
star formation rate, and £(CO) as a measure of the gas mass available for 
star formation. The inverse quantity can also be interpreted as an indicator 
of how long the current star formation rate can be sustained by the system. 
The caution here is that this estimator is useful only to the extent allowed by 
the uncertainties in interpreting £(FIR) and £(CO) as just stated. £(CO) 
in particular traces CO rather than total H2 mass, and includes a significant 
dependence on the CO excitation conditions, as well as optical depth effects 
(Maloney and Black 1988; Aalto et al. 1994). 

It is clear that much caution needs to be exercised in using all these 
estimators. Using several simultaneously helps in narrowing down the un- 
certainties of interpretation. For example, Knapp et al. (1987) combined 
/,y(100 /xm)/F(HI) with /i/(100 ^m)/F(CO) to trace the origin of the 
infrared emission. The discussion above illustrates the importance to the 
study of normal galaxies of understanding ISM physics and star formation 
processes on scales from a parsec to a kpc. This understanding must be 
derived from empirical and physical modeling studies of the Milky Way and 
Local Group galaxies, at the best available spatial and spectral resolution. 

3.2 Correlations 

Correlative analysis is a commonly used tool in the study of normal galaxies, 
and provides a more powerful tool than analysis of individual parameters, 
as illustrated in Section 3.1.4. Correlations however may be easier to estab- 
lish than to interpret correctly. Many correlations are well known between 
various indicators of star formation activity, for instance IR/B, R(60, 100) 
and £(FIR) are all positively correlated, to an extent that varies with the 
sample used (Soifer and Neugebauer 1991; Bothun et al. 1989). In principle 
these correlations contain information on geometry and physical parame- 
ters such as density and heating intensity, and on the manner in which star 
formation affects these parameters, is affected by them, and whether there 
are balancing forces. In practice however, it can be very difficult to derive 
such inferences. 

Particularly easy to generate are correlations between extensive param- 
eters, those which scale with the extent of a system. Luminosity is such 
an extensive parameter, scaling with the square of the distance to the 
galaxy, as opposed to color ratio for instance, which is distance independent. 
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Gorrelations between extensive parameters are of limited interest because 
they tend to be exaggerated by the distance scaling, since errors on the dis- 
tance will affect all such estimators equally, reinforcing the appearance of a 
positive correlation. Such correlations are also exaggerated by the spread 
of system sizes, suggesting great significance, whereas the main information 
content is that all extensive quantities tend to be greater in larger systems. 
The accepted procedure to avoid such vacuous correlations is to normalize 
extensive quantities by a system size parameter such as luminosity or mass, 
thereby reducing as many parameters as possible to distance-independent 
expressions. Examples of correlations and their interpretation appear in 
Section 3.3 and in Section 5. 

3.3 The infrared-radio connection 

The tightest and most universal correlation known among galaxy fluxes 
connects the FIR emission from dust heated by stars with the non-thermal 
radio emission in the range from 2 to 50 cm, which is known to be syn- 
chrotron radiation from GR e“ trapped in the interstellar magnetic field. 
This tightest of correlations is also the most puzzling. First, because of 
the indirect connection between the two mechanisms and populations of 
emitters, and the many parameters involved in producing the luminosities 
at the two wavelengths, such as current stellar population properties, dust 
optical depth, magnetic field strength, and GR e“ acceleration and escape 
mechanisms. Secondly, surprising because of the large difference between 
the two luminosities; the ratio between the two bands is about 5 x 10®, with 
a dispersion of about 50%. See reviews by Helou (1991) and Gondon (1992). 

The first mention of a close relation between far infrared and radio emis- 
sion appeared as soon as the relevant data became available. Rickard and 
Harvey (1984) pointed out a strong correlation in a sample of 30 late type 
galaxies between the central emission at 20 cm and the emission in the 40 
to 160 /xm spectral range. They related the correlation to star formation 
activity, and assumed the non-thermal radio emission to be dominated by 
supernova remnants, as predicted by Harwit and Pacini (1975). Rickard 
and Harvey (1984) were puzzled however by indications that the same cor- 
relation applied to the disk emission, because that would imply cooperation 
between the magnetic field B, the interstellar gas density n, and the den- 
sity of GR e“. Since 1984, the vastly superior data returned by the VLA 
and IRAS have placed the correlation on a far more solid empirical footing 
without changing the basic facts. The situation on the side of interpretation 
however has improved more slowly, and a consensus has yet to emerge as to 
the physical significance of this correlation. 

The global correlation was noticed early on in the IRAS data by Dickey 
and Salpeter (1984), then independently established by de Jong et al. (1985) 
using a sample of IRAS sources selected from the early mission returns, and 
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by Helou et al. (1985) using an optically selected list of galaxies in the 
Virgo cluster and in the field. Regardless of the sample selection criteria, 
the ratio Q of infrared to radio in samples of star forming galaxies displays 
an intrinsic population dispersion of 50% or less (Helou et al. 1985; Sanders 
and Mirabel 1985; Condon and Broderick 1988; Wunderlich and Klein 1988; 
Unger et al. 1989) over four decades in luminosity, though non-linearities 
have been claimed, with the radio increasing faster than the infrared power 
(Cox et al. 1988; Menon 1991). The correlation has been shown to hold at 
high redshifts {e.g. Karoji et al. 1985; Hacking et al. 1989) and has become 
an accepted property of all star forming galaxies (Condon 1992). 

A definitive empirical treatment of the correlation was published by 
Condon et al. (1991), showing that it is asymptotically linear as the ratio 
of radio-to-visible, or equivalently of infrared-to- visible, increases, so that 
the “true” correlation is evident when the system is powered by young 
stars (Fig. 3; see also Xu 1990). This happens consistently for galaxies 
with infrared-to-visible luminosity ratios greater than ~ 0.3, which are still 
relatively optically thin galaxies. For galaxies less active in star formation, 
Q rises slowly above the standard correlation value. Within galaxy disks, the 
infrared emission is clearly more centrally peaked than the radio emission 
(Marsh and Helou 1998; Marsh and Helou 1995; Bicay and Helou 1990; Rice 
et al. 1990; Beck and Colla 1988; Wainscoat et al. 1987). 

The theoretical understanding of this correlation is still imperfect. The 
physical explanation needs to invoke a two-part argument, namely a 
luminosity balance to explain optically thick systems, and a filtering match 
to explain optically thin systems. In an optically thick galaxy, all 
dust-heating radiation is re-radiated in the infrared on the one hand, and 
all CR e“ created are trapped by the magnetic fields long enough for their 
available energy to dissipate as synchrotron luminosity. In this case, linking 
the dust-heating luminosity and the CR e“ luminosity is sufficient to pro- 
duce the observed correlation. This linkage is achieved because stars more 
massive than ~ 8 Al© dominate the dust heating and produce Type II su- 
pernovae whose shocks accelerate cosmic rays including CR e“ (Volk 1989). 
Condon (1992) has shown that the ratio of heating to CR e“ luminosities is 
not very sensitive to upper mass cut-off of the Initial Mass Function (IMF ) , 
nor to age of starburst. See for historical interest also Lequeux (1971), Klein 
(1982) and Kennicutt (1983). 

For optically thin galaxies, the effective dust optical depth of the galaxy 
to heating radiation must match its efficiency at extracting synchrotron 
radiation from CR e“. Helou and Bicay (1993) presented a model which 
achieves that match by assuming simple connections among physical param- 
eters in the ISM, most importantly between the density of the medium and 
the magnetic field intensity. The model takes into consideration geometry 
of dust and stars and magnetic field, diffusion, radiative decay and escape 
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Fig. 3. The strong relation between infrared and radio is best shown in this 
figure from Condon et al. (1991), clearly illustrating the low dispersion in the 
ratio Q in the more active galaxies. The left-hand-side frame shows data from the 
IRAS Bright Galaxy Sample (Soifer et al. 1986), an infrared-selected sample with 
a preponderance of galaxies dominated by on-going star formation. The right- 
hand-side frame shows data for a sample drawn from the Revised Shapley-Ames 
catalog, whose visible-light selection gives a more qniescent galaxy population. 
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of CR e“ , and develops a picture where the radio disk is a smeared version 
of the infrared disk, the smearing being greater for more transparent disks. 
This model was found subsequently to be consistent with the observed de- 
tails of the infrared-radio correlation within disks of galaxies (Marsh and 
Helou 1998). However, models for the physics underlying the correlation 
remain sufficiently complex that other mechanisms for the radio emission 
have been proposed because they provide closer connection to the infrared 
{e.g. Harwit in this volume). 



3.4 The "two-component model" 

A “two-component model” is any representation of the spread of properties 
of a system as the result of the superposition of two components whose 
properties define the extremes of that spread. Such a model was invoked 
to explain the IRAS color-color diagram, describing normal galaxies as a 
linear combination of a quiescent component and a star-forming compo- 
nent, whose mixing ratio determines the colors of a given system (Helou 
1986). The FIR-cold, “cirrus-like” component is supposed to arise primarily 
from low density, low radiation intensity quiescent regions heated primarily 
though not exclusively by older stars. The FIR-warm “active” component 
corresponds to dust heated in the vicinity of star-forming regions. Each of 
these components has its own luminosity and effective optical depth, and 
one could in principle solve for at least some of these quantities in any given 
galaxy with sufficient data. The infrared luminosity and optical depth of the 
active component combine to yield the heating luminosity in star forming 
regions, and therefore the star formation rate. This type of decomposition 
is mostly morphological, and particularly useful for nearby, well resolved 
galaxies such as M 31 (Xu and Helou 1996). Note the similar but lower 
dynamic range decomposition proposed by Larson and Tinsley (1978) using 
the visible colors U — B and B — V. 

A more physical and useful decomposition would be to represent the 
infrared luminosity as £ion(IR) + >Cnon(IR), where the first term reflects 
heating by ionizing stars, and the second heating by non-ionizing stars. The 
very existence of £non(IR) has been challenged by Devereux and Young 
(1990, 1992, and subsequent papers). Their arguments however are critically 
dependent on very uncertain assumptions about the upper mass cut-off of 
the stellar mass function in galaxies, and can therefore be easily dismissed. 
Furthermore, detailed studies of nearby galaxies prove that £non(IR) can 
contribute more than half £(IR) (Walterbos et al. 1987; Rice et al. 1990; 
Rand et al. 1992; Xu and Helou 1996). Smith et al. (1991) show in 
NGC 4736 a striking example of the infrared emission from the nuclear 
region being dominated by £non(IR)> and surrounded by a star forming 
ring whose emission is dominated by £ion(IR)- 
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How can the mixing ratio of the two components in this physical decom- 
position be estimated? Given its definition, the best indicator would be a 
measure of the hydrogen recombination rate and thus of the total ionizing 
flux in the system, preferably obtained from a long-wavelength transition 
such as Bry to avoid extinction effects. That would determine the amount 
of ionizing flux and the total stellar luminosity, from which the dust heating 
could be estimated, yielding £ion(IB)- Another approach to estimating the 
mixing ratio is offered by the infrared-radio correlation. Because of the close 
coincidence between the lower mass limit for ionizing stars ~ 6 A^©, and the 
lower mass limit for supernova-capable stars ~ 8A^©, one could associate 
£ion(IR) with the radio-loud component and thus use Q = £(IR)/£(radio) 
as an index to £ion(IR)/>Cnon(IR)- 

In any case, galaxies at the extremes of the £ion(IR)/>Cnon(IR) can be 
readily identified since parameters such as IR/B, L(FIR)/T(HI), IRAS col- 
ors or Q also approach their extreme values in such galaxies. More detailed 
modeling as in papers mentioned earlier might be needed to estimate the 
mixing ratio in specific galaxies. On the other hand, infrared luminosity and 
morphology would be poor indicators of a galaxy’s position on that mixing 
ratio scale. 



The two-component model proposes a simple picture where the 
infrared properties of a galaxy are determined by the mixing ratio 
£ion(IR)/>Cnon(IR), and where each of these infrared components results 
from a heating luminosity and a corresponding optical depth. While the 
mixing ratio in a given galaxy may be quite uncertain, one can select samples 
of galaxies for statistical analysis where this ratio is biased towards £ion (IR) 
or £non(IR)- Studies of the star formation rate in galaxies should use 
samples biased towards high mixing ratios of ionizing to non-ionizing lumi- 
nosities, to support the simple assumption that L(IR) is a good measure of 
the star formation rate. Infrared selected samples such as the IRAS Bright 
Galaxy Sample (Soifer et al. 1989) are ~ 80% populated by galaxies domi- 
nated by £ion(IR), and comprise < 10% objects dominated by £non(IR)- 
Objects with high mixing ratios also tend to have high IR/B ratios, since 
the optical depth associated with star formation naturally tends to be quite 
elevated. On the other hand, studies aimed at the structure of stars and 
the ISM in galaxies should use broader samples, such as optically selected 
or volume-limited samples. Optically selected samples such as one derived 
from the Uppsala Galaxy Gatalogue (Bothun et al. 1989) have 40 to 50% of 
galaxies dominated by £ion(IR) and 20 to 25% dominated by £non(IR)- 
Volume-limited or cluster samples may be even richer in quiescent galaxies. 
In galaxies with low mixing ratios, the optical depths are harder to estimate, 
but remain smaller than unity in general. 
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4 ISO RESHAPES THE DUST CONTINUUM 

In assessing the impact of ISO on our knowledge of the continuum emission 
from galaxies, the most exciting developments to date have touched the mid- 
infrared, as might be expected from ISO’s substantial gains in sensitivity 
and spatial resolution at those wavelengths. Gains at the longer wavelengths 
are more subtle. 

First, the various surveys conducted by ISO are reviewed, then new 
results in the mid-infrared spectral range are described, in the areas of 
spectro-photometry and broad-band colors, and implications for the over- 
all spectral energy distribution are mentioned. Finally, spatially resolved 
studies of galaxies at wavelengths available to ISO are presented. 

4.1 ISO surveys of galaxies 

While ISO was an observatory rather than a survey mission, many surveys 
were carried out using various capabilities of its versatile payload. Some 
prominent surveys that concern normal galaxies either directly or indirectly 
are listed below. This is by no means an exhaustive list, especially since 
most ISO data have yet to be published. 

1. Mid-infrared maps of nearby galaxies were obtained under the ISO- 
CAM (Cesarsky et al. 1996) guaranteed time (GT) program, target- 
ing large angular-size galaxies in various categories, such as early-type, 
spirals barred and non-barred, dwarf irregulars, and active 
(Vigroux 1997). There were also surveys of galaxies in Virgo, Coma 
and other clusters. All galaxies were surveyed in the LW2 (6.75 /im) 
and LW3 (15 /xm) filters, and some in other filters within the 3 to 
18 /xm wavelength range of ISO-CAM. In addition, several were ob- 
served with the Circular Variable Filter (CVF), which yields images 
at a spectral resolution of about 50 over most of the same wavelength 
range. These data were taken mostly with &' pixels, with an effective 
resolution of 7 to 9" half-maximum width. 

2. Far-infrared spectral surveys were carried out under the GT program 
of the ISO-LWS (Clegg et al. 1996), most notably for a sample of 
infrared-bright galaxies, meaning those with a flux density greater 
than 50 Jy at 60 /xm, and of ultra-luminous galaxies (Fischer et al. 
1999). Most objects were observed with a LWS low-resolution full 
spectral scan covering 45 to 195 ^m. 

3. Far-infrared maps of well-resolved nearby galaxies were obtained un- 
der the ISO-PHOT (Lemke et al. 1996) GT program at 60, 100 and 
175 /xm, most notably of M 31, M 33 and M 101. 
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4. Photometry at A > 60 /im was also carried out under the ISO-PHOT 
GT program for several samples, including 75 bright {B < 12 mag) 
galaxies from the Revised Shapley-Ames Gatalog, and selected objects 
in the Virgo Gluster. These samples were observed (PI R. Joseph) at 
60, 100 and 175 /im, as well as 12 /im (ISO-GAM filter LWIO), with 
additional data collected from the ground in the near-infrared and the 
submm. The purpose was to extend the spectral energy distribution, 
look for cold dust, and investigate nuclear activity. 

5. The surveys above were coordinated by Lequeux, resulting in several 
coherent data sets of great interest to normal galaxy studies. The 
imaging with GAM at 6.75 and 15 /im sampled galaxies at different 
distances, from the Magellanic Glouds out to the Virgo Gluster, under 
programs ‘ ‘CAMSPIR’ ’ and ‘ ‘VIRGO’ program ‘ ‘CAMSFR’ ’ imaged 
star-forming regions at additional wavelengths, and with the GAM- 
GVF mode. In Virgo, 99 galaxies were imaged with GAM, half of 
them measured with PHOT at A > 60 /im, while the [GH] A157.7 /tm 
line was targeted for 30 galaxies with LWS (PI K. Leech). 

6. Open time projects included several galaxy surveys, such as the Knapp 
et al. (1996) study of early type galaxies, the Lu et al. study of 
infrared-cold galaxies, and the Metcalfe et al. (1996) BGD/Irr survey. 

7. The ISO Key Project on the Interstellar Medium of Normal Galax- 
ies (Helou et al. 1996) under NASA GT collected data on a set of 
sixty galaxies that explore the full range of morphology, luminos- 
ity, infrared-to-blue ratio and far-infrared color among star-forming 
galaxies. These sixty objects were selected to be small in their IRAS 
emission size compared to the 80" LWS beam and the 3' ISO-GAM 
field of view, so as to allow studies of their global properties. In 
addition, nine nearby galaxies were mapped to the extent possible, 
including NGG 6946, NGG 1313, IG 10, and parts of M 101. For most 
galaxies, maps were obtained at 7 and 15 /im with ISO-GAM, spectro- 
photometry was obtained with ISO-PHOT-S between 3 and 12 /im, 
and far-infrared fine-structure lines were targeted with ISO-LWS, at- 
tempting to measure as many as possible of the following lines, in 
the order listed: [GH] A157.7 /im, [01] A63.2 /im, [NH] A121.9 /im, 
[OHI] A88.4 /im, [NHI] A57.3 /im, [OHI] A51.8 /im, [NH] A145 /im. 

8. The ISO-PHOT Serendipity Survey gathered data during satellite 
slews between target observations with the 170 /im channel. By the 
end of the mission, data had been collected over 150 000° of slew track, 
with an estimated 4 000 galaxies detected (Stickel et al. 1998). This 
data set will be a unique source of far-infrared fluxes for thousands of 
galaxies with IRAS detections at /,y(100 /xm) ^ 2 Jy. 
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9. By its nature as an observatory-class mission, ISO has generated a rich 
archive containing all the observations of individual galaxies, groups, 
or clusters of galaxies investigated by various observers for specific 
questions. This collection constitutes a de-facto survey of unique or 
peculiar objects from which one could learn much about the less exotic 
cases {e.g. Smith 1998; Smith and Madden 1997; Lu et al. 1996; 
Jarrett et al. 1999; Valentijn et al. 1996; Xu et al. 1999). Many useful 
survey samples can also be constructed after the fact by selecting 
objects out of the ISO archive once it becomes available in the summer 
of 1999. 

Though not addressed directly in this review, ground-based infrared surveys 
will make fundamental contributions to our view of normal galaxies, espe- 
cially the Two-Micron All-Sky Survey (2MASS, Skrutskie et al. 1999) and 
the Deep European Near-Infrared Survey (DENIS, Epchtein et al. 1999), 
Apart from these large systematic surveys, several near-infrared imaging 
surveys of nearby galaxies are already revealing some surprising results. 
Grauer and Rieke (1998) for instance demonstrate that spiral arms are al- 
most as contrasted in the K band as they are in the B band. See also 
Terndrup et al. (1994). 

4.2 Mid-infrared spectra 

In the integrated spectra of galaxies, the mid-infrared marks the transi- 
tion from emission dominated by stellar photospheres to re-radiation by 
interstellar dust. ISO has shown the details of this transition for the first 
time by providing continuous coverage, and filling in some crucial details as 
discussed in this and the next two sections. The relevant data were acquired 
with ISO-PHOT, PHT-S module from 2.5 to 5 and from 5.7 to 11.6/im 
(Lemke et al. 1996); with ISO-CAM in the CVF (Circular Variable Filter) 
mode from 5 to 16.5 (Cesarsky et al. 1996); and with SWS from 2.5 to 
45 ^m (de Graauw et al. 1996). 

The transition from stellar to interstellar emission is well illustrated by 
the spectra of Virgo Cluster galaxies collected by Boselli et al. (1998). Its 
precise location and therefore the interpretation to attach to mid-infrared 
fluxes can be parametrized by a ratio such as IR/B (Sect. 3.1.2). Interstellar 
dust emission takes over by 5 /xmwhen this ratio exceeds 0.5, and at shorter 
wavelengths for higher ratios. As might be expected. Elliptical galaxies are 
dominated by stellar emission, both photospheric and from circumstellar 
dust shells, and therefore provide the templates that one subtracts to isolate 
the interstellar emission component in Spiral galaxies (Boselli et al. 1997; 
Madden et al. 1997). In addition, ISO sensitivity has allowed us to study 
the small amounts of ISM contained in Elliptical galaxies, and to look into 
differences with the ISM of Spirals (Knapp et al. 1996; Fich et al. 1999; 
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Madden et al. 1999; Malhotra et al. 1999; note also the study of E+A 
galaxies in the Goma Gluster by Quillen et al. 1999). 

4.2.1 The aromatic features 

IRAS data had already indicated (Beichman 1987; Puget and Léger 1989; 
Boulanger and Gox in this volume) that the mid-infrared emission from 
the ISM was dominated by small fluctutating grains and Aromatic Features 
in Emission (AFE). ISO has not only established into fact what had been 
hypothesis, but is also allowing us to address quantitatively the mid-infrared 
energy budget across various emission components, and to investigate the 
variation of this budget from galaxy to galaxy. ISO data are generally 
consistent with older data from ground observations, including early M 82 
spectra by Willner et al. (1977), ground-based surveys (Roche et al. 1991), 
and IRAS-LRS data (Gohen and Volk 1989). 

The AFE appear in two main groups, one stretching from 5.5 to 9 /rm, 
with peaks at 6.2, 7.7 and 8.6, and the other one starting at 11 /im and 
extending to 12.5/xm (Fig. 4; Lu et al. 1999; Helou et al. 2000). The shape 
and relative strengths of the features are quite similar to “Type A sources” 
which are the most common non-stellar objects in the Milky Way: reflection 
nebulae, planetary nebulae, molecular clouds, diffuse atomic clouds, and HII 
region surroundings (Geballe 1997; Tokunaga 1997, and references therein). 
Quantitatively similar spectra have been reported from spectroscopic obser- 
vations with PHT-S, ISO-GAM GVF or ISO-SWS on a variety of Galactic 
sources (Roelfsema et al. 1996; Verstraete et al. 1996; Gesarsky et al. 1996a, 
1996b; Boulanger et al. 1996; Mattila et al. 1996; Beintema et al. 1996; 
Uchida et al. 1998) and a number of galaxies (Boulade et al. 1996; Vigroux 
et al. 1996; Acosta-Pulido et al. 1996; Metcalfe et al. 1996). ISO-SWS spec- 
tra with greater spectral resolution show AFEs with the same shape, a clear 
indication that they are spectrally resolved by PHT-S data at a resolution 
of ~ 20. 

There is good evidence linking the AFE to Polycyclic Aromatic Hydro- 
carbons (PAH), but no rigorous spectral identification of specific molecules 
(Tielens 1999; Puget and Léger 1989; Allamandola et al. 1989). It is gen- 
erally agreed that the emitters are small structures, no more than a few 
hundred atoms, transiently excited to high energy levels by single photons. 
The relative fluxes in individual AFE, and the general shape of the spec- 
turm, depend very weakly on galax;y parameters such as the far-infrared 
colors (Fig. 5). This is direct evidence that the emitting particles are not in 
thermal equilibrium. As an estimate of the AFE relative strength, the 
integrals from 5.8 to 6.6 /im, 7.2 to 8.2 /im, and 8.2 to 9.3 /im are in 
the ratio 1:2:1 in the PHT-S spectra obtained under the Key Project on 
Normal Galaxies (Helou et al. 2000). The strongest detectable variation in 
the same data set is a slightly stronger 11.3 /xmAFE in the colder galaxies 
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Fig. 4. A composite mid-infrared spectrum obtained from a straight average of a 
set of PHT-S spectra of 28 galaxies (Helou et al. 1999). Error bars indicate the 
dispersion among the averaged spectra when they are all normalized to the flux 
integral between 6 and 6.6 jam. Note the ordinate is the flux density per frequency 
interval. 



(Lu et al. 1999). Since this feature is linked primarily to neutral PAHs 
as opposed to the shorter wavelength features which have a strong ionized 
PAH contribution (Tielens 1999), one is tempted to interpret this trend as 
a result of the more active galaxies having a greater contribution to their 
luminosity originating in regions heated by harder radiation fields. 

An important consequence of the invariant shape of the spectrum up 
to 11 jam., even as the infrared-to-blue ratio reaches high values, is that 
the 10 jam trough is best interpreted as a gap between APE rather than 
a silicate absorption feature. An absorption feature would become more 
pronounced in galaxies with larger infrared-to-blue ratios, and that is not 
observed (Sturm et al. 2000). 

The fraction of starlight processed through APE has been under de- 
bate since the IRAS mission (Helou et al. 1991), and can now be directly 
estimated using the new ISO data for the sample described above. APE 
account for about 65% of the total power within the 3 to 13 jam range, and 
about 90% of the total power in the 6 to 13 jam range. The APE between 
6 and 13 ^m carry 25 to 30% of L(PIR) in quiescent galaxies, or 12% of 
the total infrared dust luminosity between 3 jam and 1 mm, whereas all 
ISM emission at A < 13 jam comes up to ~ 18% of the total dust emission. 
The ratio APE-to-PIR gradually drops to less than 10% in the most actively 
star forming galaxies, i. e. those with the greatest L(IR) /L{B) ratio or IRAS 
color R(60/100), following the trend already noted in Helou et al. (1991). 
Boselli et al. (1997 and 1998) have interpreted similar trends as evidence for 
the destruction of APE carriers in more intense radiation fields. The 3.3 jam 
feature carries about 0.5% of the total APE luminosity longwards of 5 jam, 
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Rest-frame wavelength (micron) 

Fig. 5. To illustrate the very stable spectral shapes in the PHT-S data, Lu 
et al. (2000) co-added eleven FIR-cold galaxies (B(60, 100) < 0.4, solid line) and 
nine FIR-warm galaxies (0.6 < iî(60, 100) > 0.9, dashed line) separately, and 
found very little difference between the two resulting class averages. The only sig- 
nificant difference is a slightly stronger 11.3 /rm feature in the cold galaxies with 
respect to the 6 — 9 /rm features. The significance of this difference is discussed 
in the text. 



a significantly smaller value than that reported by Willner et al. (1982) for 
M 82. 

4.2.2 The mid-infrared continuum 

In addition to the AFE, there is clear emission bridging between them, even 
in the 10 /rm trough. This emission may well be related to the AFE carri- 
ers, since its shape is constant, scaling with the AFE strength. Boulanger 
et al. (1998) have discussed this emission in terms of Lorentzian wings to 
the AFE. 

Less energetic but more surprising is the continuum detected in ISO- 
PHT-S data (Helou et al. 2000) shortward of 5 ^m (see for instance the 
model spectra of Désert et al. 1990). This unexpectedly strong 4 /xm con- 
tinuum flux density is positively correlated with the AFE flux, strong ev- 
idence linking it to dust rather than stellar photospheres. It appears to 
follow a power law oc between 3 and 5 /xm, with an uncertainty of 

0.15 on the power-law index. However, the flux density fi, around 10 /xm 
is three times higher than the continuum level extrapolated to 10 /xm from 
the spectral shape between 3 and 5 /xm, leaving open the nature of the con- 
nection between the 4 /xm continuum and the carriers of the AFE. Bernard 
et al. (1994) have reported evidence for continuum emission from the Milky 
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Way ISM in COBE-DIRBE broad-band data at these wavelengths, with 
comparable amplitude; ISO however provides the first clear detection of the 
spectral shape of the emission. 

Extrapolating the continuum from the 3 to 5 /im range out to longer 
wavelengths, and assuming the AFE are superposed on it, one finds that 
the continuum contributes about a third of the luminosity between 3 and 
13 /xm, and 10% between 6 and 13 ^m, the balance being due to AFE and 
associated bridge emission. Against this extrapolated continuum, the AFE, 
defined again as the emission from 5.8 to 6.6 /xm, 7.2 to 8.2 /xm, and 8.2 
to 9.3 /xm, would have equivalent widths of about 4/xm or 3.4 x 10^^ Hz, 
18 /xm or 9.2 x 10^^ Hz, and 13/xm or 4.9 x 10^^ Hz, respectively (Helou 
et al. 2000). 

The natural explanation for this continuum is a population of small 
grains transiently heated by single photons to apparent temperatures near 
1000 K. Such a population was invoked by Sellgren et al. (1984) to explain 
the 3 yxm emission in reflection nebulae, and similar populations by other 
authors to explain the IRAS 12 /xm emission in the diffuse medium {e.g. 
Boulanger et al. 1988). Small particles with ten to a hundred atoms have 
sufficiently small heat capacities that a single UV photon can easily propel 
them to 1000 K equivalent temperature (Draine and Anderson 1985). Such 
a population is a natural extension of the AFE carriers, though it is not clear 
from these data whether it is truly distinct, or whether the smooth contin- 
uum is simply the non-resonant emission from the AFE carriers. While the 
current data cannot rule out other contributions to this continuum compo- 
nent, the shape does rule out a simple extension of the photospheric emission 
from main sequence stars. Red supergiants and Asymptotic Giant Branch 
stars may contribute to the continuum in this region but cannot dominate 
it, because their contribution would not correlate with AFE from the ISM, 
and cannot match the shape of a spectrum with f^, oc 

4.2.3 High-redshift applications 

Since the spectral signature in Figure 4 applies to the majority of star- 
forming galaxies, it can be used as a template to obtain redshifts of highly 
extincted galaxies with the next infrared observatory, NASA’s SIRTF (Space 
InfraRed Telescope Facility). For instance, a galaxy at a redshift z = 3 with 
a flux density average of 0.5 mJy in the range 19 — 27 /xm and a total infrared 
luminosity comparable to Mkn 231 at ~ 3 x 10^^ £© would be detected by 
the SIRTF 1RS (Infrared Spectrometer; Roellig et al. 1998) in roughly 1000 
seconds of integration (Weedman, private communication) . 

In surveys with fixed spectral bands, the Aromatic Features will result 
in a unique K-correction as redshift takes them in and out of the bands. 
The detection probability would be enhanced or reduced for certain red- 
shift intervals, causing ripples in source counts as a function of flux density; 
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Xu et al. (1998) have modelled this effect for NASA’s WIRE (Wide-Field 
InfraRed Explorer; Hacking et al. 1999) mission. However, this effect has al- 
ready been manifested with ISO, in deep 15 /xm imaging data in the direction 
of galaxy clusters. These observations were aimed at detecting background 
objects boosted by gravitational lensing, thus allowing the survey to pene- 
trate further in space and time. In the Barvainis et al. (1999) survey, one 
out of every five galaxies detected in the direction of each of Abell 2218 and 
Abell 2219 turns out to be at a reshift near 1, the others being at redshifts 
of 0.3 or less. A redshift of 1 places the main AFE clump squarely in the 
15 /xmband, enhancing the probability of detection. Similar results from a 
more extensive survey are reported by Metcalfe et al. (1999), and by Fadda 
et al. (1999). 

As the early Universe opens up for mid-infrared exploration, the prop- 
erties of low metallicity star-forming galaxies become more relevant as a 
template for high-redshift galaxies. ISO has provided the data for con- 
structing such templates, both from studies of low metallicity dwarf galax- 
ies (Sauvage and Thuan 1999), and the study of nearby galaxy disks with 
significant metallicity gradients such as M 101 (Vigroux et al. 1999). 

4.2.4 Exceptions 

The “standard” spectra described above characterize the integrated emis- 
sion from normal galaxies, but exceptions arise at extreme conditions, and 
are easiest to detect in specific ISM phases of individual galaxies. At the 
smallest scales in the most intense parts of HII regions, Gontursi (1998), 
Tran (1998) and Gesarsky et al. (1996b) report spectra which depart sig- 
nificantly from the standard ones in the location and strength of features. 
Similarly distorted spectra are also observed in NGG 4418 (Lu et al. 2000), 
and close to the Active Nucleus of Gen A (Vigroux et al. 1999). This 
radical transformation in the spectrum must then result from extremely 
UV-rich heating radiation, and most likely reflects severe modification of 
the emitting grains, including the destruction of Aromatic Feature carriers. 
Significant distortions in the spectrum driven by a rising continuum but 
without radical changes in the Aromatic Features have also been reported by 
Lutz et al. (1998) in extremely active galaxies. The mid-infrared spectra of 
starbursts are relatively “standard”, whereas galaxies with an active Black 
Hole nucleus (AGN) have a continuum rising towards longer wavelengths 
with insignificant AFE. Ultra-Luminous Infrared Galaxies show intermedi- 
ate spectra, modified in addition by large optical depths (Genzel et al. 1998; 
Laurent et al. 1999). 

At the other end of the heating sequence, Gesarsky et al. (1998) report 
that the 5 — 9 /xm AFE are missing from the emission of the bulge and of the 
quiet parts of the bright infrared ring in M 31. The 11.3 and 12.7 /xmfeatures 
are present, perhaps a result of their originating primarily on neutral PAHs. 
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The relatively weak and UV-poor heating radiation in these parts of M 31 
cannot alone explain the absence of Aromatic Features, for other studies 
{e.g. Uchida et al. 1998; Uchida et al. 1999) show that photons of a few eV 
are sufficient to generate the standard spectrum. It would appear that the 
dust properties in M 31 are again modified, this time by prolonged shielding 
from UV processing in the astration cycle. Additional evidence of abnormal 
ISM properties in the same regions are found by Pagani et al. (1999) in their 
study of the broad-band mid-infrared emission. 

Another peculiar exception is provided by Sauvage and Thuan (1999) in 
SBS 0335-052, a blue compact dwarf with a metallicity about 1/40 solar. 
No AFE are detected here, and the spectrum appears best fit by highly 
extincted blackbody emission. The authors propose the early chemical age 
of the system as the most likely reason behind the absence of the AFE, 
though one cannot rule out the possibility that the UV radiation from the 
intense star formation episode also plays a role in the destruction of the 
Aromatic Feature carriers. If this spectrum does indeed characterize all low 
metallicity objects, one would expect the “standard” spectrum to disappear 
gradually as a function of increasing redshift, thus making it harder to detect 
the Aromatic signature of dust and distinguish star formation from Black 
Hole activity as the energy source in the earliest systems. 

4.3 The ISO-IRAS color diagram 

A large number of extragalactic broad-band measurements was collected by 
ISOCAM at wavelengths between 4 and 18 /xm, most frequently using the 
“LW2” band centered at 6.75 ^m, and the “LW3” band centered at 15 ^m. 
The LW2 filter was designed to capture mostly AFE emission, and LW3 was 
aimed at the continuum range beyond the bulk of the AFE, though it ends 
up with a small contribution from the 12.5 /xm feature. The 6.75-to-15 /xm 
color ratio has emerged as an interesting diagnostic of the radiation environ- 
ment. It remains relatively constant and near unity as the ISM of galaxies 
proceeds from quiescent to mildly active. As dust heating increases further, 
the 15 /xm flux increases steeply compared to 6.75 /xm, pointing to a sig- 
nificant contribution by dust at color temperature 100 K< Tmir < 200 K, 
typical of a heating intensity up to lO"* times that of the diffuse interstel- 
lar radiation field in the local Milky Way (Fig. 6; Helou et al. 1997; Helou 
1999). While such a temperature could result from classical dust heated 
within or just outside HII regions, there is no decisive evidence as to the 
size of grains involved. It is simpler at this time to associate this compo- 
nent empirically with the observed emission spectrum of HII regions and 
their immediate surroundings (Tran 1998; Contursi 1998). This emission 
has severely depressed AFE, and is dominated by a steeply rising though 
not quite a blackbody continuum, consistent with mild fluctuations in grain 
temperatures, AT /T ~ 0.5. This HII region hot dust component at Tmir 
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log 1^(60 /iim)/I^(100 jum) 



Fig. 6. The ISO-IRAS color-color diagram for normal star-forming galaxies. The 
7 fim and 15 /rm bands do not show any sign of the increased heating signified 
by the rise of 77(60,100) until this latter ratio exceeds about 0.6, after which the 
15 jj,m band starts detecting the rising continuum from warm “Very Small Grains” . 
This plot shows the data for the sample used in the ISO Key Project on Normal 
Galaxies (c/. Sect. 4.1). 



becomes detectable in systems where the color temperature from the 60-to- 
100 ^m ratio is only Tmir/2, demonstrating the broad distribution of dust 
temperatures within any galaxy. The combined data from ISO and IRAS 
on these systems are consistent with an extension of the “two-component 
model” of infrared emission (see Sect. 3.4 above) and demonstrate the fal- 
lacy of modeling the infrared spectra of galaxies as single temperature dust 
emission. The low 6.75-to-15 /xm color ratio is associated with the active 
component, and combines in a variable proportion with a component with 
a 6.75-to-15 /xm near unity. This color behavior was observed in the sample 
of galaxies used for the Key Project on normal galaxies (Helou et al. 1996; 
Silbermann et al. 1999), and confirmed in the sample of galaxies observed 
under ISOGAM Guaranteed Time (see Fig. 1 in Vigroux et al. 1999). See 
also Section 4.4 below. 
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4.3.1 The global infrared spectrum 

Turning now to the long wavelength end of the spectrum, photometry at 
120 — 200 /im using ISO-PHOT is starting to constrain the distribution of 
dust temperatures at low heating levels, especially in nearby well resolved 
galaxies such as M 31 (Haas et al. 1998; 1999), M 51 or M 101 (Hippelein 
et al. 1996), where cold dust dominates the luminosity. Similar analysis on 
more active galaxies is also under way {e.g. Klaas et al. 1997; Klaas et al. 
1999) to obtain the best possible estimates of the total infrared emission 
and therefore of the dust mass. Alton et al. (1998) have reported that the 
emission is more extended at 200 fj,m than at shorter wavelengths in several 
galaxies. This result however hinges closely on a very precise knowledge of 
the beam shapes at various wavelengths, which was not yet achieved at the 
time of that publication. 

A proper determination of the total infrared luminosity and the long- 
wavelength spectral shape in normal galaxies is critical to estimating the 
contribution of galaxies to the infrared and submm extragalactic background 
light, and thereby deriving the infrared term in the star formation history 
of the Universe. While work on the ISO-PHOT calibration continues, one 
could estimate an improved infrared spectral energy distribution by com- 
bining the mid-infrared results described above with existing IRAS data 
(Fig. 7). Such a rough estimation is presented in Table 1 for several dif- 
ferent levels of activity in galaxies, parametrized by the 60-to-100 /xmratio. 
It should be noted that all information at A > 100 /xm in Table 1 is based 
on modeling IRAS data using a power-law distribution of dust mass as a 
function of heating intensity, and does not use any empirical constraint 
(Dale et al. 2000; Helou et al. 2000). Table 1 illustrates the general trend, 
but also ignores variations in spectral shape at constant 60-to-100 /xm ra- 
tio, including intrinsic scatter in the ratio of mid-infrared to far-infrared (Lu 
et al. 1999), and dispersion in the 25-to-60 /xm ratio. The 20 to 40 /xm range 
appears to show the most significant growth in fractional terms at the ex- 
pense of the submillimeter as the activity level increases, suggesting that 
the 20 — 40 /xm continuum may be the best dust emission tracer of current 
star formation in galaxies. Even after ISO, our knowledge of the detailed 
shape of the spectrum at A > 100 /xm remains model-dependent, and may 
not improve significantly until the launch of SIRTF, and then of FIRST 
(Far infraRed and Submillimeter Telescope). 

4.4 A mid-infrared look within galaxies 

ISO-CAM CVF studies between 5 and 17 /xm are turning out to be 
powerful diagnostics of the radiation field within the disks of nearby galaxies, 
allowing us to disentangle the variations in heating intensity and hardness 
of interstellar radiation. The approach is to relate the intensity to the shape 
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Wavelength (/xm) 

Fig. 7. The synthesized model spectra of Dale et al. (2000), showing the pro- 
gression of shape from quiescent to active star-forming galaxies. The same set is 
plotted here as summarized in Table 1. The spectra are plotted so the Aromatic 
Features are scaled to the same amplitude just for ease of graph-reading, these 
features being the most stable part of the spectra. Note the march of the peak 
towards shorter wavelengths as activity increases. These synthesized spectra do 
account for the general correlation between iî(60,100) and the infrared-to- visible 
light ratio. 



of the continuum, and the hardness to the ratios of ionic fine-structure lines 
(Tran 1998; Gontursi 1998). See also the overview on ISOGAM studies of 
nearby galaxies by Vigroux et al. (1999), and the studies of NGG 891 by 
Le Goupanec et al. (1999) and by Mattila et al. (1999). Such studies are 
valuable in establishing the local relation between mid-infrared emission and 
the star formation intensity, thereby guiding the interpretation of the global 
fluxes. 

The ISOGAM images of galaxies show dust emission in nuclear regions, 
in the inner barred disk, outlining the spiral arms, and tracing the disk 
out to the Holmberg radius and beyond (Malhotra et al. 1996; Sauvage 
et al. 1996; Vigroux 1997; Smith 1998; Roussel et al. 1999). There are clear 
color variations within spiral galaxies, some of which have not yet found 
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Table 1. Rough energy distribution across the infrared spectrum for galaxies with 
various levels of star formation activity, parametrized by the IRAS color in the 
first column. Each column heading gives the wavelength range over which the 
spectrnm is integrated, and the table entries are the fractions of total infrared 
luminosity appearing in that range. The spectral range in colnmn 6 corresponds 
to the “FIR” synthetic band (Helou et al. 1988). 



Mm) F(5-13 /jm) F(13-20 /jm) F(20-42 /im) F(42-122 /jm) F(122-1100 /jm) 



0.40 


0.024 


0.122 


0.033 


0.10 


0.41 


0.32 


0.63 


0.017 


0.086 


0.037 


0.18 


0.50 


0.19 


1.00 


0.008 


0.048 


0.043 


0.28 


0.54 


0.09 



satisfactory explanations (Helou et al. 1996; Tran 1998; Vigroux et al. 1999). 
Dale et al. (1999) describe behavior similar to the ISO-IRAS color diagram 
within the disks of three star forming galaxies, IC 10, NGC 1313, and 
NGC 6946, where the 6.75-to-15 fim color drops precipitously as the surface 
brightness exceeds a certain threshold. The point of inflexion in the color 
curve occurs at a surface brightness which is a function of the dust column 
density, whereas the shape of the curve seems invariant, and may result from 
a rise in both the hardness and intensity of the heating radiation (Fig. 8). 
Dale et al. (1999) discuss these findings in the context of a two-component 
model for the interstellar medium, suggesting that star formation intensity 
largely determines the mid-infrared surface brightness and colors within 
normal galaxy disks, whereas differences in dust column density are the 
primary drivers of mid-infrared surface brightness variations among galaxy 
disks. 

Rouan et al. (1996), Block et al. (1997) and Smith (1998) have com- 
bined ISOGAM and Bry images with other broad-band and line images to 
estimate star formation rates, ISM parameters, obscuration and dust prop- 
erties. These studies again point to AFE carriers as a ubiquitous component 
of interstellar dust, to the likely destruction of these carriers by ionizing UV, 
and to dust heating in non-starburst disk galaxies being derived from both 
old stars and OB stars. 

In M 31, Pagani et al. (1999) demonstrate a very close correlation 
between mid-infrared emission at both 6.75 and 15/xmand the distribu- 
tion of neutral gas as traced by HI and GO maps. The correlation is poorer 
with ionized gas as traced by Ha, and poorest with UV emission, a result 
which can only attributed in part to extinction. They conclude that AFE 
can be excited by visible and near-IR photons, the dominant dust heating 
vectors in this particular case, and therefore by older disk and bulge stars. 
They also suggest that in this environment the amorphous carbonaceous 
particles formed in the envelopes of carbon stars have not yet be processed 
strongly into the AFE carriers. 
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Mid — IR Surface Brightness (MJy sr ') 

Fig. 8. The mid-infrared color as a function of snrface brightness for three disk 
galaxies well resolved by ISOCAM, and smoothed so the resolution corresponds 
to ~ 200 pc in each case (Dale et al. 1999). All three data sets show roughly the 
same behavior, indicative primarily of how color and snrface brightness evolve as 
heating intensity increases. The data are consistent with the expectation that a 
change in total ISM dnst colnmn density will shift the curves along the surface 
brightness axis: NGC 6946 does indeed have an order of magnitnde greater colnmn 
density than the other two galaxies in the product of HI+{2/3)H2 and metallicity. 

5 A WALK IN THE LINE FOREST 

The unfettered access to the infrared spectrum in space gave ISO a tremen- 
dous advantage in studying any infrared line in galaxies regardless of red- 
shift, until the lines leave the window at high redshifts. The low thermal 
backgrounds of a cryogenic telescope in space allowed it to tackle much 
lower surface brightness sources. As a result, ISO extended the spectro- 
scopic studies of starburst nuclei that the Kuiper Airborne Observatory 
(KAO) had carried out to the less intense star formation in normal galax- 
ies. The spectrocopic capabilities of all four instruments were especially 
valuable tools in characterizing the interstellar gas and radiation field, and 
in constraining the overall energetics and star formation rate. 
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Many lines in the infrared range carry substantially more luminosity 
than the lines most studied from the ground and normally used for probing 
the non-ionized ISM. The HI A2I cm fine-structure line, popular because its 
flux can be safely assumed to be proportional to the total emitting HI mass, 
carries about I0“® ZIfir- The CO pure rotational lines in the millimeter 
and submillimeter range (J = 1 ^0, 2^1, 3^2, etc. at 2.3 mm, 1.15 mm, 
etc.) carry a few times 10“® ZIfir- By contrast, the molecular hydrogen 
rotational lines discussed below carry a few times 10“"^ ZIfir, and several 
of the infrared fine-structure lines such as [CH], [01], [Sill], or [OHI] carry 
10“^ to 10“^ ZIfir- They are thus by far more significant as a measure of 
the energetics of interstellar gas, and easy to detect at greater distances, 
making them valuable tools for probing the star formation process in the 
most distant, youngest galaxies. 



5.1 Molecular lines 

One of the great achievements of ISO was the detection of the long-sought 
molecular hydrogen transitions from rotationally excited states, and the 
realization of their promise as accurate tracers of the H 2 mass {e.g. Draine 
and Bertoldi 1999), allowing for the first time a direct gauge of the dominant 
phase of the star forming ISM. Most of the H 2 data were collected by the 
SWS (de Graauw et al. 1996). Several of these lines, especially S(0), S(l) 
and S(2) were detected in galaxies early in the ISO mission, permitting a 
detailed discussion of the gas phase conditions and heating mechanisms, as 
in the study by Valentijn et al. (1996) of the nuclear star burst of NGC 6946. 
Because of their high excitation levels however, these lines tend to trace H 2 
warmer than ~ 100 K, and are therefore easier to detect in the more intense 
star formation environments (Kunze et al. 1996; Kunze et al. 1999). Still, 
Valentijn et al. (1999) report the detection of H 2 emission from the extended 
disk of the edge-on galaxy NGG 891. They detect S(0) and S(l) at eight 
positions, tracing the emission out to 12 kpc from the nucleus of the galaxy, 
and derive H 2 temperature constraints and molecular mass estimates. 

Hydroxyl (OH) was also detected in starburst galaxies, but in absorption 
rather than emission. A first report by Skinner et al. (1997) showed OH 
absorption at 35 /imin the spectrum of Arp 220, and confirmed for the first 
time pumping by infrared photons as the excitation mechanism behind OH 
mega-masers. Bradford et al. (1999) report OH in absorption at 35, 53 
and 119 /im in NGG 253, and resolve the line at 119 /xm with the LWS 
Fabry-Pérot mode. They estimate total column and excitation temperatures 
for the OH, and constrain the geometry of the molecular material and its 
relationship to the infrared-emitting dust. 
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5.2 Fine-structure lines 

Far-infrared fine structure lines, [GII] A157.7 /xm and [01] A63.2 /xm in 

particular, have long been used for estimating density and radiation in- 
tensity in photo-dissociation regions (PDR) {e.g. Hollenbach and Tielens 
1997), which are the interfaces between HII regions and molecular clouds. 
These dense (n ~ 10 — 10^ cm“^ or more), warm (T ~ 100 — 300 K), neu- 
tral media are preferentially cooled by [GII] because carbon is abundant, 
easy to ionize {IP = 11.26 eV), and easy to excite {AE/k ~ 90 K). At 
T > 200 K and n > 10^ cm“^, [01] takes over as the main coolant, with its 
higher excitation threshold {AE/k ~ 224 K). In PDRs, both transitions are 
excited predominantly by electrons which have been extracted from dust 
particles by ultraviolet photons usually assumed to have > 6 eV. This well 
known and studied photo-electric effect (Field et al. 1969; Hollenbach and 
Tielens 1997) is estimated to have a yield < 10“^ in an ISM illuminated 
by starlight. Traditionally, various line ratios and line-to-continuum ratios 
are used to constrain the main parameters of PDR regions, by comparison 
to calculations from models of slab PDRs. In such models, the emission 
is integrated along a line of sight sampling the PDR, starting at the HII 
region front, through the molecular cloud, and on towards the molecular 
cloud core, to the point where emission becomes negligible. 

Just as [GII] and [01] are important coolants of the neutral ISM, so 
are [Nil] A121.9 /xm, [OHI] A88.4/xm and A51.8 ^m, and [NHI] A57.3 /xm 
significant for HII regions. While ISO collected substantial data on these 
lines, they will not be discussed in any detail in this review because little 
has been published yet on this topic. It should be kept in mind however 
that [GII] can arise in HII regions as well as PDRs, and that complicates 
the interpretation of line ratios. Similarly, the continuum emission from 
dust will arise from a variety of media, complicating the interpretation of 
line-to-continuum ratios (Sect. 5.3). 

ISO-LWS (Glegg et al. 1996) has provided a wealth of data, whose inter- 
pretation is creating controversy and challenging theoretical models. Using 
the Normal Galaxy Key Project sample, Malhotra et al. (1997) showed 
that while two thirds of normal galaxies have £(GH)/£(FIR) in the range 
2 — 7 X 10“^, this ratio decreases on average as the 60-to-100 /xm or the 
£(FIR)/£(B) ratios increase, both indicating more active star formation 
(Fig. 9). The same GII deficiency is also observed in ultra- luminous 
infrared galaxies such as Arp 220 (Luhman et al. 1998). Malhotra et al. 
linked this decrease to elevated heating intensities, which ionize grains 
and thereby reduce the photo-electric yield. They discussed other possi- 
ble causes, such as self-absorption of [GII], heating by non-ionizing stars, 
or the influence of an AGN. Optical depth effects were dismissed because 
no deficiency trend is observed in [01] even though it is expected to have 
greater optical depth than [GII]. The possibility of non-ionizing stars was 
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F(60 Mtn)/F(IOO *im) F(FIR)/F(Rlue) 

Fig. 9. The CII deficiency in active star forming galaxies from Malhotra 
et al. (1997). The ratio of [CII] to FIR luminosity drops as the star formation 
activity and interstellar heating intensify, as measured either by R(60,100) (left- 
hand side panel), or by the infrared-to- visible light ratio (right-hand side panel). 
See also Malhotra et al. (1999). 



dismissed since it required the most unlikely scenario that such stars would 
dominate the heating systematically in the most actively star forming galax- 
ies, including objects such as Arp 220 (Fischer et al. 1999). Finally, since 
the normal galaxy sample was selected to avoid AGN, the latter are unlikely 
to be the sole reason behind the [CII] deficiency trend. Fischer et al. (1999) 
and Malhotra et al. (1999) give updated discussions of this topic, while Lord 
et al. (1999) and Unger et al. (1999) discuss PDR properties in NGC 4945 
and Gen A. 

The relation of the [CII] line luminosity to the total star formation rate 
in a galaxy has been debated just as vigorously as other infrared observ- 
ables (Stacey 1991). One of the outstanding questions there has been the 
importance of low density HII regions as a source of [CII] emission. Stacey 
et al. (1999) present detailed maps of M 83 in several fine-structure lines, 
and address this question directly, estimating that 27% of the total emission 
may well originate in that diffuse component. This same contribution by 
diffuse PDRs is invoked by Pierini et al. (1999) in explaining the high [CII]- 
to-CO ratios in quiescent Virgo cluster galaxies. Using the same Virgo 
galaxies data, Leech et al. (1999) report a trend of decreasing [CII]/FIR 
ratios as galaxies become less active in star formation. Combining the re- 
sults of Leech et al. with those of Malhotra et al. leads to a picture where 
[CII] /FIR rises by an order of magnitude as galaxies move away from com- 
plete quiescence, reaches a broad maximum for normal galaxies actively 
forming stars, then decreases again by more than an order of magnitude as 
galaxies begin to approach the extreme properties of starbursts. 
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Fig. 10. The [OI]/[CII] ratio and iî(60,100) are positively correlated in galax- 
ies (Malhotra et al. 1999). This indicates that the neutral warm gas excitation 
increases along with the dust heating, so that gas and dust are indeed coupled 
in these galaxies, a result of the photo-electric effect. The quantitative details 
of the correlation depend on the density and heating intensity in the PDRs of 
these galaxies. The existence of a general correlation for all galaxies indicates 
that density and heating intensity must scale in a similar fashion among all these 
objects. 



5.3 Interpreting the PDR lines 

What could be behind this behavior? At the quiescent end, the relative lack 
of ionizing photons in the stellar spectrum could naturally explain the low 
values of [GIIJ/FIR. UV-poor heating would on one hand lower GII abun- 
dance, and on the other hand yield less energetic photo-electrons, so a less 
energetic GII excitation would be expected. At the starburst end, the ex- 
treme excitation conditions could generate lower photo-electric efficiency as 
proposed by Malhotra et al. (1998), and as detailed in the previous section. 

While that picture is physically reasonable, there is evidence however 
favoring a different interpretation at least at the high excitation end of the 
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sequence, namely that the relative drop in [CII] is due to a decrease in the 
concentration of the grains crucial for the photo-electric effect. It is well 
known {e.g. Hollenbach and Tielens 1997) that the smallest grains such as 
the carriers of AFE are responsible for the bulk of photo-electric yield in a 
PDR. Depletion of these carriers would decrease the coupling between radi- 
ation field and gas, and lead to weaker fine-structure line emission compared 
to total dust re-radiation. The evidence in question is that unlike [CII]/FIR, 
the ratio of [CII] to AFE flux does not decrease in normal galaxies with in- 
creasing activity (Helou et al. 2000). This suggests that the emissions from 
[CII] and AFE originate in the same regions of the ISM, so their ratio is dic- 
tated by the physics of the photo-electric effect and remains constant. On 
the other hand, [01] and FIR originate from distinctly warmer and denser 
regions, so that the changing ratio [CII]/FIR, just like [CII]/ [01], reflects 
the systematic shift in density distribution of the ISM as galaxies approach 
star-burst conditions. 



At the high end of activity, the empirical evidence for decreased AFE 
carriers is quite clear (Helou et al. 1991; Genzel et al. 1998), and the 
evidence is strong that they are destroyed by the intense UV radiation from 
massive stars. There is less empirical evidence however for a systematic 
lack of Aromatic grains at the low end of the excitation sequence. Perhaps 
the most interesting hints come from the detailed investigation of the mid- 
infrared emission by Cesarsky et al. (1999) in M 31. It is still a matter 
of debate whether AFE carriers condense out on larger grains and are re- 
extracted by exposure to UV radiation (Boulanger et al. 1990), or whether 
the AFE carriers emerge only as a result of the first photo-processing by 
UV light of newly formed amorphous carbon grains (Pagani et al. 1999). 



Most of the interpretation of [CII] and [01] line fluxes is done in the 
context of PDR theories and models, which provide the most powerful tools 
available. It should be recalled however that this context assumes implicitly 
that all observed fluxes in line and continuum originate in PDRs. The broad- 
est definition of PDR, usually supported in model calculations, includes any 
non-ionized region heated by stellar photons. Thus defined, PDRs do pro- 
vide all [01] emission from galaxies, but not all [CII] or dust continuum. 
Indeed, both of the latter can have contributions from HII regions of all 
descriptions, from the compact to the diffuse, extended low density vari- 
ety. Additional flux of either [CII] or continuum will throw off the ratios 
based on which PDR models derive density and heating intensity. One can 
mitigate the problem by estimating HII regions contributions based on the 
[Nil] line for instance, and adjust the [CII] flux accordingly (Malhotra et al. 
2000, see also Sect. 7.1). 
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6 MORE STUDIES 

In addition to the topics covered above, the ISO archive will soon offer 
a wealth of data on a wide variety of extragalactic subjects affecting our 
understanding of normal galaxies. Studies in galaxy clusters and groups 
for instance have targeted the population of medium-distant clusters at z = 
0.1— 0.3 (Lémonon et al. 1999; Fadda and Elbaz 1999; Metcalfe et al. 1999). 
Stickel et al. (1998) have reported the detection of intracluster dust in Goma 
at 200 /xm, and related it to the cooling ffows revealed by X-ray observations, 
while Xu et al. (1999) have studied intergalactic star formation in Stefan’s 
Quintet using mid-infrared data. Gharmandaris et al. (1999) and Gallais 
et al. (1999) have taken a detailed look at some of the nearest interacting 
galaxy systems in order to study collisionally induced star formation. 

Beichman et al. (1999) and Gilmore and Unavane (1998) report on deep 
searches for mid-infrared haloes around edge-on galaxies, and place upper 
limits on the contribution to the missing mass by low-mass stars. Jarrett 
et al. (1999) report on mid-infrared detection of a bridge of interstellar gas 
and magnetized plasma created between two galaxies after a collision which 
caused the two disks to pass through each other and entangle the interstellar 
media. 

Observations of Local Group members allow detailed analysis of the 
ISM and star formation on the few parsec scale, and are a crucial stepping 
stone to understanding the integrated emission in more distant objects. 
Such detailed studies of HII and star formation regions, or of the stellar 
population in the Magellanic Glouds are reported by Gomeron and Glaes 
(1999), Henning et al. (1999), Loup et al. (1999), Missoulis et al. (1999), 
and Vermeij et al. (1999). 



7 TOMORROW’S INFRARED GALAXIES 

7. 1 Challenges and prospects 

The two-component model approach is clearly an over-simplification of the 
complexities in a real system, representing what is almost certainly a con- 
tinuous distribution over some parameter by a linear combination of the 
extremes. One challenge ahead is to formulate more realistic descriptions of 
star-forming galaxies, incorporating a distribution of ISM mass over the key 
parameters density, intensity and hardness of heating radiation. Additional 
parameters such as cosmic ray flux, metallicity, dust abundance and prop- 
erties, or X-ray flux might be added as secondary parameters. From such a 
description, one would estimate observables as integrals over the phase space 
defined by the key parameters (see Sect. 2 above), and translate empirical 
properties of galaxies into constraints on the ISM properties. 
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A related challenge is to formulate a realistic description of the geome- 
try of dust, gas and heating stars. The ISM appears clumpy on all scales, 
perhaps best described as fractal in its structure as evident from IRAS, 
HI or CO maps of emission (Falgarone and Phillips 1996). Detailed stud- 
ies of nearby PDRs suggest substantial ultraviolet penetration far from the 
boundary of the HII region (Howe et al. 1991; see also discussion in Sect. 2.1 
of Hollenbach and Tielens 1997). Geometry may well be a critical factor 
in some of the observed properties of galaxies; it may well affect the aver- 
aging over regions and directions in ways that inject apparent simplicity in 
otherwise quite complex systems. Detailed models may be the only way to 
establish the role of geometry in normal galaxies. 

Neglecting for now the complexities above, one can expect substantial 
progress in understanding normal galaxies by exploiting ISO data with new 
approaches. In addition to the powerful spectroscopic techniques offered 
by ISO, the improved spatial resolution of ISO-CAM should allow us to go 
beyond luminosity, and work with surface brightness in the infrared. This 
is a distance-independent quantity which can be measured and compared in 
nearby as well as distant galaxies, and combines information on the intensity 
of heating radiation and the column density of dust, and therefore might 
help us disentangle these two quantities using additional information from 
other observables. Some work along these lines based on IRAS data has 
been published (Wang and Helou 1994; Helou and Wang 1995; Meurer 
et al. 1997), but ISO data offer much better sensitivity and spatial resolution 
(Dale et al. 1999; Dale et al. 2000). 

With ISO data in hand, it should be possible to answer some basic ques- 
tions about galaxies, deriving for instance an accurate star formation rate 
from a combination of observables, and attaching specific physical meaning 
to standard parameters commonly used today, such as IRAS colors, line- 
to-continuum ratios, or infrared-to-blue ratios. More difficult but probably 
within reach of ISO data interpretation would be a means to distinguish 
between physical parameters and mixing ratios, so one can tell whether two 
galaxies differ because their PDRs are systematically different, or because 
they have a different mix of PDR, HII regions and molecular clouds. 

7.2 Suggestions 

The study of normal galaxies will remain exciting, because of, and in spite 
of the complexities and bewildering abundance of data and correlations. A 
few suggestions might help in navigating these complexities: 

1. In statistical studies, it is critical to understand the sample being used, 
its biases and limitations; 

2. The questions to pursue should be physical rather than statistical in 
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nature. The latter will flow from the former, but should not over- 
shadow them; 

3. Quantities studied, statistically or in detail, should have clear physical 
significance. Distance-independent “intensive” quantities are prefer- 
able to luminosities or similarly scaling extensive parameters; 

4. In constructing quantities from observables, one should avoid com- 
plex parameters with multiple built-in assumptions, such as dust mass 
which combines a flux with an uncertain color temperature taken to 
a power of 5 or so. 

8 CONCLUSION 

Normal galaxy studies with ISO have already yielded major progress beyond 
the knowledge of the IRAS era, improving dramatically our empirical under- 
standing of mid-infrared spectra, mid-infrared images, the global spectral 
energy distribution and the far-infrared fine-structure lines. This progress 
has already led to rethinking plans for other surveys and missions addressing 
those observables. 

ISO data are also re-shaping our physical understanding of galaxies: 
allowing for a better decomposition of the infrared luminosity from a com- 
bination of spectral energy distribution and imaging; providing narrower 
constraints on density and radiation intensity from analysis of fine-structure 
lines, surface brightness, and the spectral energy distribution; providing a 
broader perspective on objects with extreme values of luminosity or star for- 
mation rate, based on an understanding of the sequence that lies in-between 
these extremes. Much remains to be learned from ISO, suggesting several 
years of productive research on the ISO Science Archive still lie ahead. 

SIRTF (Space InfraRed Telescope Facility), scheduled for a December 1, 
2001 launch, will build on ISO and tackle the new puzzles with its greater 
sensitivity, finer spatial resolution and larger fields of view. SOFIA (Strato- 
spheric Observatory for Infrared Astronomy) is expected to fly starting in 
2002, bringing to the held greater spatial and spectral resolution and instru- 
mental versatility. FIRST (Far-Infrared and Submillimeter Telescope) will 
then open up the submillimeter spectrum from space starting in 2007, pro- 
viding access to the colder material in molecular clouds, so all ISM phases 
from cold clouds to HII regions and shocked gas can be studied, bringing 
into focus the full picture of the star formation cycle. 

I would like to thank the organizers of the Summer School for the invi- 
tation to participate in this exciting encounter, and for their patience when 
it came to submitting the manuscript. James Lequeux in addition pro- 
vided help and comments on the manuscript. Danny Dale and Alessandra 
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1 Introduction 

Active galaxies in a simple term are galaxies which exhibit strong emission 
lines in their optical spectra. The observational study of these galaxies be- 
gan with the work of Path in 1908. He discovered emission lines of H/3, [O II] 
A3727, [Ne III] A3869 and [OIII] AA4363, 4959, 5007 in a spectrum of the 
“spiral nebula” NGC 1068, which he could not detect in other objects of his 
sample (see Osterbrock 1989). Since then the number of galaxies with strong 
emission lines increased with improving observational techniques. In 1943 
Seyfert presented a detailed study of six emission line galaxies (NGC 1068, 
NGC 1275, NGC 3516, NGC 4051, NGC 4151 and NGC 7469), which formed 
the basis for the class of Seyfert- type objects. Twenty years later Markarian 
published a survey of 41 peculiar galaxies selected primarily because of a 
blue-UV excess in their continua (see Robson 1996). All Seyfert galaxies 
known at that time were included. Radio-astronomical observations and in- 
frared surveys with the Infrared Astronomical Satellite (IRAS) revealed new 
classes of active galaxies, like quasars and ultraluminous infrared galaxies 
(ULIRGs). Table 1 shows a classification of active galaxies based on their 
observational properties (see Woltjer 1990; Moorwood 1992; Robson 1996; 
Peterson 1997). 

Active galaxies form a significant fraction of the total galaxy popula- 
tion. In the local universe about 10% of all galaxies exhibit strong emission 
lines and other evidence of activity in their nuclear regions (Moorwood 
1992). The majority of these galaxies has Hll-type spectra. Their activity 
is driven by strongly enhanced star formation. However about 10% of the 
active galaxies (quasars, blazars, Seyferts, radio and X-ray galaxies) have 
properties which cannot be explained by starburst activity. For these active 
galactic nuclei (or AGNs) an accreting massive black hole is commonly as- 
sumed to be the compact and highly luminous central engine or “monster” . 
Due to the contribution of starburst and AGN activity, active galaxies emit 
a multiple (up to 1000-times) of the total energy output of normal galaxies. 
A large fraction of this bolometric luminosity is emitted in the infrared. 

© EDP Sciences, Springer-Verlag 1999 
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Table 1. Classification scheme of active galaxies (Moorwood 1992). 



Type 


Main Gharacteristics 


Radio-quiet and radio-loud 
QSOs/Quasars 


Lboi > 10^^ Lq, broad permitted lines, 
narrow forbidden lines. X-rays 


Blazars (OVVs, BL Lacs) 


highly variable continuum, strong and 
variable polarization 


Seyfert I’s/Broad Line 
Radio Galaxies (BLRGs) 


similar to QSOs, but less luminous, host 
galaxy well visible, dust emission 


Narrow Line X-ray 
Galaxies (NLXGs) 


X-ray luminosity comparable to Seyfert I’s, 
but only narrow permitted lines 


Seyfert 2’s/Narrow Line 
Radio Galaxies (NLRGs) 


like Seyfert I’s, but only narrow permitted 
and forbidden lines, more dust, weak X-ray 


Low Ionization Nuclear 
Emission Line Regions 
(LINERs) 


low nuclear luminosity, relatively strong 
emission in low ionization lines, like [0 1] 
and [Nil] 


Starburst Galaxies 


H Il-type spectra, narrower lines than in 
Seyferts, steeper IR spectrum, IR features, 
spatially extended IR emission 


Ultraluminous IR Galaxies 
(ULIRGs) 


^boi > 10^^ Lq, dominated by far-infrared 
emission 



In the following three sections starburst galaxies, active galactic nuclei 
and ultraluminous infrared galaxies are discussed. While for starbursts and 
AGNs a fairly general agreement on the central power source is present 
since more than ten years, the answer to the question “What powers ultra- 
luminous infrared galaxies?” was only recently found. Each of the following 
sections starts with a description of the class of objects and their basic prop- 
erties. Then recent results based on observations with the Infrared Space 
Observatory (ISO) are discussed. This discussion is not complete in the 
sense of a review. For more information on active galaxies the reader is 
refered to review articles (see e.g. Osterbrock and Mathews 1986; Telesco 
1988; Antonucci 1993; Mushotzky et al. 1993; Wagner and Witzel 1995; 
Moorwood 1992 and 1996; Sanders and Mirabel 1996) and textbooks {e.g. 
Osterbrock 1989; Robson 1996; Peterson 1997) and the references therein. 

2 Starburst galaxies 

2.1 Scales of star formation: From H II regions to starburst galaxies 

Star formation is a common phenomenon in galaxies. In normal galaxies 
(except irregular galaxies) the star formation rate (SFR) has reached its 
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maximum during the formation of the galaxies out of the primordial gas. 
Since then it decays roughly exponentially SFR ~ exp(— t/to) with a time 
scale of to « 10^*^ years. The current star formation rate in normal galaxies 
depends on the amount and concentration of the remaining gas and dust. It 
is highest in gas-rich spirals, where density waves compress the interstellar 
medium in the spiral arms, and lowest in the gas-deficient ellipticals. 

The Orion nebula M42^ is a typical example of a star forming region 
in our Galaxy (see e.g. Genzel and Stutzki 1989). Less than one million 
years ago star formation has produced there beside many low mass stars 
also a few massive, luminous OB stars. These hot stars are strong emitters 
in the extreme ultraviolet (A < 912 Â). Their radiation photoionizes the 
surrounding interstellar medium, in particular the most abundant element, 
hydrogen, and creates an H II region. The ionized hydrogen recombines via 
electron capture and a successive cascade of line emission, which starts at 
highly excited energy levels. The ionizing continuum of the stars is therefore 
absorbed and re-emitted by the HI gas in individual recombination lines, 
like Ha and H/3. Together with the prominent cooling lines, forbidden line 
transitions of collisionally excited low lying energy levels of common ions 
(such as OH, OHI and Nil), these emission lines are the characteristic 
signature of HII regions in the optical (see e.g. Osterbrock 1989). 

Typical HII regions like M42 have a diameter of 10— 100 pc and contain 
a few recently formed OB stars. Their radiation of Lyman photons 

per second ionizes 100 — 1000 Mq of atomic hydrogen, which then emit a 
luminosity of a few 100 — 10000 L© in the Ha recombination line. Glassi- 
cal HII regions are the normal mode of star formation in spiral galaxies. 
Their line emission together with the light of the young, luminous OB-stars 
determines the appearance of spirals arms in normal galaxies, like M 100^. 

In addition to classical H II regions gas- and dust-rich late-type galaxies 
exhibit solitary extended regions with strongly enhanced star formation, the 
so-called giant extended HII regions or GEHRs (see Shields 1990; Kennicutt 
1991). Examples for such objects are W51 and NGG3603 in our Galaxy 
(see Eisenhauer et al. 1998) and 30Doradus in the Large Magellanic Gloud 
(Walborn 1991; Thornley et al. 1997). Such GEHRs typically contain 
several tens up to thousands of young luminous OB stars and beyond them 
a much larger number of simultaneously formed less massive stars. They 
are 10 — 100 times larger, contain 10 — 1000 times more ionized hydrogen 
and are 100 — 1000 times more luminous than classical HII regions (see 
Tab. 2). In nearby galaxies they are eyecatching objects, which sometimes 
even have their own catalog name (like NGG 604 in M 33® or NGG 2363 in 



^M42: http:/ /oposite. stsci.edu/pubinfo/pr95/45.html (see the WEB site of the Space 
Telescope Science Institute for images). 

100: http://oposite.stsci.edu/pubinfo/pr94/01.html 
33: http: / /oposite. stsci.edu/pubinfo/pr96/27.html 
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NGC 2366^) Their contribution to the total luminosity of these galaxies is 
however still of minor importance. 

In starburst regions the star formation activity exceeds that of classical 
HII regions and GEHRs by orders of magnitude (see Tab. 2). A significant 
fraction of the gas of an entire galaxy is involved. The energy output of a 
starburst contributes strongly to the total luminosity of the host galaxy or 
even dominates it. The starburst phenomenon is preferentially located in 
the center of gas- and dust-rich galaxies, either in the nucleus or in a ring 
around the center with a few kpc diameter. In the order of 10^ young, lumi- 
nous, new-born OB stars photoionize several 10® Mq of atomic hydrogen, 
which then emit a luminosity of 10^“® Lq in the Ha line. The main contribu- 
tion to the total luminosity of starburst galaxies is however the far-infrared 
emission of the dust heated by the young stars. Typical examples for star- 
burst galaxies are the irregular galaxy M 82 (see e.g. Forster-Schreiber et al. 
1999), the barred spiral NGG253® (Boker et al. 1998) and the interacting 
pair of galaxies NGG 4038/39® (Vigroux et al. 1996; Fisher et al. 1996; 
Kunze et al. 1996; Mirabel et al. 1998). 

The mean value of the light-to-mass ratio of starburst galaxies of 
Lmi/M{H 2 ) « 20 Lq/ Mq is about 5 times larger than the values found 
for normal gas-rich spiral galaxies, like our own Galaxy or M 101 (Sanders 
et al. 1988). This ratio connects the total IRAS far-infrared luminosity of 
an object with the total H 2 mass in its molecular clouds. Using the far- 
infrared luminosity as an indicator for the star formation rate in starbursts 
M « 3 X 10“^® TeiR) the gas consumption time Tgas ~ M{H 2 )/M can be es- 
timated (see Moorwood 1992, 1996). The resulting value of Tgas ~ 10® years 
is much smaller than the Hubble time. Starburst activity is therefore a lim- 
ited phase of extraordinary enhanced star formation but not the normal 
mode of star formation in galaxies. Within 10 — 100 Myrs in the order 
of 10® stars of all masses are formed in a range of 100 — 1000 pc. Then 
the compressed molecular gas, which triggered the starburst activity, is ei- 
ther converted into stars or “blown away” by stellar radiation, winds and 
supernovae. 

The presence of burst-like star formation was first discussed by Searle 
and Sargent (1972) for the two blue compact dwarf galaxies (BGDs) I Zw 18 
and HZw40. They realised that the observed properties (low metallicity, 
high H 2 gas content and blue color) of these galaxies can only be explained 
if most of their stars have been formed recently. Showing that the U, B, 
V colors of normal late-type (Sc and Irr) galaxies can be modelled under 
the assumption of ongoing, exponentially decaying star formation starting 



^NGC 2366: http:/ /oposite. stsci.edu/pubinfo/pr96/31.html 
®NGC 253: http: / /oposite. stsci.edu/pubinfo/pr95/10.html 
®NGC 4038/39: http:/ /oposite. stsci.edu/pubinfo/pr97/34/ 
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about 10^° years ago, Searle et al. (1973) concluded that the BCD galaxies 
undergo intermittent and unusually intense bursts of star formation. Larson 
and Tinsley (1979) used the distribution of morphologically peculiar galax- 
ies in color-color diagrams to derive burst time scales of a few 10^ years. 
Additionally they have recognized that most of the peculiar galaxies show 
evidence for tidal interaction, inferring that bursts of star formation are 
associated with galaxy interaction. 

Rieke et al. (1980) presented the first detailed models for starburst 
galaxies. They showed that bursts of star formation can account quantita- 
tively for the properties observed in M 82 and NGC 253, including the high 
luminosities, strong non-thermal radio emission, correspondence of radio 
and infrared sources, large populations of red giants and supergiants, large 
ultraviolet fluxes and X-ray luminosities. Based on the space density of star- 
bursts and typical durations for the burst phase, Balzano (1983) and Soifer 
et al. (1986) suggested that a substantial fraction of all galaxies undergo a 
period of extreme star formation activity during their life time. Also our 
Galaxy is assumed to have had perhaps two or more periods of enhanced 
star formation in the past. 

There are several possible mechanisms which can trigger starburst ac- 
tivity. The fact that starbursts are more common in barred spirals and in- 
teracting/merging sy terns suggests that the presence of a bar or tidal forces 
may cause accumulation of gas in the nuclear or an extranuclear region. 
The dynamics of such process is well understood (see Barnes and Hernquist 
1992; Barnes 1995; Barnes and Hernquist 1996). Although these mecha- 
nisms seem to apply in many cases, the fact that starbursts also occur in 
apparently isolated galaxies and in galaxies of essentially all types including 
dwarf irregulars and ellipticals argues against a single universal triggering 
mechanism (Moorwood 1992). 

2.2 Observational properties of starburst galaxies 

The emission of starburst galaxies consists of contributions of their various 
stellar, dusty and gaseous components. A schematic overview of the spec- 
tral energy distribution (SED) of starbursts is given by Telesco (1993). The 
optical and near-infrared continuum of starbursts is determined by the pho- 
tospheric radiation from the stars. Due to the presence of numerous recently 
formed hot, massive OB stars, the fraction of flux emitted in the visible and 
especially in the ultraviolet is relatively larger compared to normal galaxies. 
The near-infrared continuum (1 — 5 pm.) is dominated by the radiation from 
red giants and red supergiants. As the starburst emission in the optical and 
near-infrared is mainly the sum of the stellar light, characteristic features 
of the stellar spectra, like the bandheads at 1.6, 2.3 and 4.6 pm, 

appear also in the overall starburst spectrum. 




388 



IR-Space Astronomy 



Table 2. Typical parameters of star forming regions from Shields (1990) and 
Kennicutt (1991). D is the diameter in [pc], Lua the Ha luminosity in [erg s“^[, 
Qm the number of ionizing Lyman photons in [s“^[, Nq 5 v the number of ionizing 
OB stars in units of 05V stars, Mm the mass of the ionized hydrogen in [M©] 
and Tie the electron density in [cm“®[. 



object class 


classical 
HII region 


giant extended 
H Il-region 


starburst 

galaxy 


example 


M42 


30 Doradus 


M82 


D [pc] 


10-100 


100-1000 


> 500 


log(iHa) 


36-38 


38-41 


41-42 


l0g((5Hl) 


48-50 


50-53 


53-54 


log(iVo5v) 


0-1 


1-4 


4-5 


log(MHn) 


2-3 


3-6 


6-7 


log(ne) 


2-4 


1-3 


1-3 



At mid-infrared wavelengths the thermal emission from dust becomes 
important. The dust is heated by the stars and re-emits the absorbed stellar 
light in the infrared. Warm dust (T « 100 — 200 K) radiates substantially at 
mid-infrared wavelengths (5 — 30 fMn), cooler dust mainly in the far-infrared 
range (30 — 300 /xm). Starbursts typically contain a large amount of dust 
heated to T « 30 — 60 K. Their spectra therefore exhibit a huge far-infrared 
peak, which contains a large fraction of the total luminosity of the entire 
starburst galaxy. In case of M 82 the far-infrared peak emits for example 
80% of the bolometric luminosity, while a normal star forming galaxy like 
the Milky Way emits only 30% of its total energy output in the far-infrared 
range (Moorwood 1992). 

Additionally to stellar light and dust emission continous radio and X-ray 
emission of starburst galaxies has been observed. The radio emission is a 
mixture of free-free emission of H II regions and synchrotron radiation from 
supernova remnants (Moorwood 1996). The X-ray emission contains mainly 
contributions from massive binaries, supernova remnants and starbursts 
driven winds (Moorwood 1996). X-ray and radio emission extend the SEDs 
of starburst galaxies to the low and high energy end, however they don’t 
contribute significantly to the total luminosity. 

Numerous features and lines can be found in the spectra of starburst 
galaxies. The optical spectra look similar to that of HII regions (see 
Osterbrock 1989). As starbursts are usually deeply embedded in a large 
amount of gas and dust, the optical lines probe mainly the “surface” of 
dust enshrouded starburst regions (see the comparison of ISOCAM and 
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HST images of NGC 4038/39 by Mirabel et al. 1998, and Fig. 1). To 
investigate the deeply embedded starburst cores, one has to use the low ex- 
tinction in the infrared. The infrared range contains a lot of diagnostically 
useful emission lines from molecular, atomic and ionic interstellar material 
(see e.g. Spinoglio and Malkan 1992). Typical emission lines in starburst 
spectra are the hydrogen and helium recombination lines, molecular hy- 
drogen lines and forbidden fine structure lines from supernova remnants 
and shock regions ([Fell] 1.26, 1.64/im, ... ), from Hll-like regions ([Aril] 
6.9 /im, [Arlll] 8.9 /im, [SIV] 10.5 /im, [Nell] 12.8 /rm, [Ne III] 15.6 /rm, 
[Sill] 18.7 /rm, [OIV] 26 /xm, [Sill] 33 /im, [OIII] 52 and 88 /im,...) and 
from photodissociation regions or PDRs ([Sill] 34 /xm, [01] 63 /im, [GII] 
158/im, ...). Additionally the spectra exhibit emission features of poly- 
cyclic aromatic hydrocarbons (or PAHs) at 3.3, 7.7, 8.6 and 11.3 /im and 
absorption features, like the strong silicate absorption around 9.7 /im. 

2.3 ISO observations of starburst galaxies 

A larger sample of 16 starburst galaxies was observed as part of the MPE 
ISO extragalactic guaranteed time programme (Kunze et al. 1996, 
Rigopoulou et al. 1996; Lutz et al. 1998c; Fôrster-Schreiber et al. 1999; 
Thornley et al. 1999). This sample contains nuclear starbursts in nearby 
Hll-galaxies and barred spirals, starburst rings and starbursts in interact- 
ing/merging systems. ISOSWS was used to obtain full 2.5 — 45 /im spectra 
for the two starburst templates, M 82 and NGG 253, and individual line 
scans of a set of H I recombination lines, molecular hydrogen lines and fine 
structure lines for the other members of the sample. From the observed 
lines constraints for the properties of the starburst regions were derived. 

The hydrogen recombination lines were used to determine the extinction 
towards the deeply embedded starforming regions. In addition to the mid- 
infrared lines Bra, Br/3, Pfa, etc., near-infrared lines from ground-based 
observations, like Bry, were taken into account. By comparison of observed 
line ratios with theoretical line ratios from case B calculations equivalent 
visual extinctions up to Ay ~ 50 mag were derived, which show that obser- 
vations at infrared wavelengths with low extinction are necessary to probe 
the dust-enshrouded starburst cores. 

The mid-infrared fine structure lines (see the M 82 spectrum in Fig. 2) 
provide an important diagnostic to determine gas densities in starburst re- 
gions and properties of the ionizing radiation field. The density-dependent 
[Sill] 18.7/im/33.5/im and [Nelll] 15.5 /im/36.0 /im line ratios were used 
to derive the density of the ionized interstellar medium. The measured 
line ratios infer typical densities of a few 100 cm“^ in the observed star- 
burst regions (Thornley et al. 1999). Line ratios of lines from different 
ionization stages of the same element, like [Ar III] 8.9 /im/[Ar II] 6.9 /im, 
[Ne III] 15.6 /im/[NeII] 12.8 /im and [SIV] 10.5 /im/[S III] 18.7 /xm, probe 
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Fig. 1. Top: superposition of the mid-infrared (12— 17 fim, contours) ISO image 
of the Antennae galaxies, on the composite optical image with V (5252 A) and I 
(8269 A) filters recovered from the Hubble Space Telescope archive. About half of 
the mid-infrared emission from the gas and dust that is being heated by recently 
formed massive stars comes from an off-nuclear region that is clearly displaced 
from the most prominent dark lanes seen in the optical. The brightest mid- 
infrared emission comes from a region that is relatively inconspicuous at optical 
wavelengths. Bottom: spectra of the brightest mid-infrared knot (full line) and 
of the nuclei of NGC 4038 (dash) and NGC 4039 (dot-dash). The rise of the 
continuum above 10 fim and strong [Ne III] line emission observed in the brightest 
mid-infrared knot indicate that the most massive stars in this system of interacting 
galaxies are being formed in this optically obscured region. Reproduced from 
Mirabel et al. (1998). 
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Fig. 2. ISO-SWS spectrum of the starburst galaxy M 82 (from Forster-Schreiber 
et al. 1999). 



the hardness of the ionizing radiation field. These line ratios are indepen- 
dent of elemental abundances. As the lines have been observed with the 
same instrument and their wavelengths do not differ too much, the line 
ratios in addition depend only weakly on instrumental effects (calibration, 
apertures,...) and extinction. The line ratios are interpreted by compari- 
son with starburst models, which simulate the line emission from evolving 
starburst regions. 

Starburst models are computed in two steps. In the first step, the so- 
called evolutionary synthesis calculations, the evolution of a star cluster 
with a given initial mass function (IMF) and lower/upper mass cutoff is 
computed using stellar evolutionary tracks. For each evolutionary step the 
combined ionizing spectrum of the stars in the cluster is synthesized. Stel- 
lar model atmospheres are used describe the ionizing EUV radiation of the 
hot OB stars, which due to the absorption of the omnipresent atomic hy- 
drogen can never be observed directly. In the second step photoionization 
calculations are performed, which derive the emission line spectrum of a 
H II region ionized by the evolving star cluster in its different evolutionary 
steps. The ionizing radiation field from the evolutionary synthesis calcu- 
lations together with proper assumption for the geometry of the starburst 
region and appropriate estimates for the density and the ionization parame- 
ter are used as input. The derived line ratios [Ar III] /[Aril], [Ne III] /[Ne II] 
and [S IV] /[Sill] depend on the hardness of the ionizing spectrum and are 
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therefore sensitive to the most massive stars present. Via the evolution 
of the cluster they are connected to the initial conditions of the simulated 
starburst (slope/shape of the IMF, lower/upper mass cutoff). Sophisticated 
stellar evolutionary tracks and stellar model atmospheres are necessary to 
get reliable results. 

Thornley et al. (1999) used the MPE starburst sample plus ISOSWS 
data for 11 further objects to examine the population of the most mas- 
sive stars in starbursts and to address the issue of upper mass cutoffs to 
starburst IMFs. By comparison with starburst models they demonstrate 
that the observed [Ne III] /[Ne II] line ratios for all of their starbursts are 
consistent with stars more massive than 50 Mq . The most plausible model 
for starburst galaxies according to their study is star formation which oc- 
curs in relatively short bursts (< 10 Myrs) and produces stars up to very 
high masses, as observed in nearby giant extended star forming regions. A 
detailed case study for M 82 combining ISOSWS and near-infrared observa- 
tions is presented by Forster-Schreiber et al. (1999). 

An interesting result is the detection of a faint emission in the [OIV] 
25.9 /xm high-excitation line, which has been found in about 60% of the 
galaxies of the MPE starburst sample (Lutz et al. 1998c). The observation 
of this line is surprising, since it is not produced in measurable quantities in 
HII regions around hot main-sequence stars, which are the dominant power 
source of starburst galaxies. SWS raster observations along the major axis 
of M82 show that the [OIV] emission in this galaxy is spatially resolved 
and that the [O IV] line radial velocities follow the CO “rotation curve” . 
The [O IV] emission originates therefore from a region similar to the size of 
the entire starburst. Various energy sources can be responsible for the faint 
[O IV] line. In the case of M 82 a weak AGN can be ruled out as energy 
source, as an AGN-related origin of the extended [O IV] emission would 
require also a much larger [Ne III] /[Ne II] ratio than observed. Similar argu- 
ments vote against “super-hot stars” with an extremely hard photoionizing 
spectrum. The most plausible explanation for the faint [OIV] emission in 
starburst galaxies is provided by ionizing shocks. Shock models with ap- 
propriate parameters and also the comparison with shock-excited galactic 
templates {e.g. RCW 103) lead to similar line intensities (with respect to 
the mid-infrared neon lines). 

The pure rotational transitions of molecular hydrogen in starburst galax- 
ies have been observed with ISOSWS for the first time (see Kunze et al. 
1996; Rigopoulou et al. 1996; Valentijn et al. 1996). Excitation diagrams 
are used to derive temperatures for the emitting gas (see Rigopoulou 1996). 
The H 2 (0-0) S(l) line originates in starbursts in warm molecular hydrogen 
of typically 120 — 200 K. The H 2 (0-0) S(5) and S(7) lines trace a gas compo- 
nent with a higher excitation equivalent to a temperature of about 1000 K 
(up to 1700 K in IC 342). The warm component of the H 2 gas accounts 
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for 3 — 5% (up to 9% in M82) of the total molecular mass. The hotter 
component contributes much less. The H 2 gas in the lower states might 
be partially excited by collisions due to the local kinetic temperature. The 
excitation of the higher states however is, as comparison with PDR models 
and observations of galactic templates {e.g. S 140) imply, dominated by UV 
fluorescence. 

ISOCAM was used to investigate several nearby starbursts (Vigroux 
et al. 1996; Rouan et al. 1996). Spectrophotometric observations of the 
Antennae galaxies NGC 4038/39 with the CAM CVF (Fig. 1) show that 
the most massive stars in this system are beeing formed in an optically 
obscured starburst knot with 50 pc radius located in the overlap region of 
the two interacting spirals (Vigroux et al. 1996). This knot is the most 
active star forming region in the system and produces about half of the 
emission of the Antennae galaxies between 12.5 and 18 /xm and 15% of their 
total bolometric luminosity (Mirabel et al. 1998). Fisher et al. (1996) and 
Kunze et al. (1996) investigated the Antennae galaxies spectroscopically 
with ISOLWS and ISOSWS. They claim that stars up to masses of 65 Mq 
have been formed in a starburst, which was triggered some 5 x 10® years 
ago by galaxy interaction in the overlap region. 

The dust in starburst galaxies was investigated by Acosta-Pulido 
et al. (1996), who observed the interacting galaxy system NGC 6090 with 
ISOPHOT. With their mid- and far-infrared photometric observations they 
determined the shape of the infrared bump. 84% of the total infrared lu- 
minosity of NGC 6090 is emitted in the range below 120 /xm. From their 
observations they infer a dust mass of 10® Mq being heated by star forming 
activity to temperatures of about ~ 50 K. This component dominates the 
total luminosity of the system, but accounts only for about 1% of the total 
dust mass. For the normal interstellar material a temperature of only 20 K 
is derived. 

2.4 The galactic center 

The most nearby starburst can be found in our own Galaxy. The Galactic 
center (see e.g. reviews by Genzel et al. 1994; Morris and Serabyn 1996, 
Mezger et al. 1996) is assumed to harbour a burned-out starburst, which 
happened some 5 x 10® years ago. Triggered by the infall of a massive 
molecular cloud several thousand stars with zero age main sequence (ZAMS) 
masses up to ^ 100 Mq have been built (Krabbe et al. 1995). A dense 
cluster of about two dozen hot massive stars concentrated in the central 
10" of our Galaxy is the apparent remainder of this active period of star 
formation. Results by Najarro et al. (1997) indicate that these bright He I 
emission line stars are evolved blue supergiants close to the evolutionary 
stage of Wolf-Rayet stars. They dominate the ionizing radiation field in 
the central parsec of the Galaxy and account for most of the bolometric 
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luminosity (Najarro et al. 1997). Additionally there is evidence for another 
star forming event in the Galactic center about 10® years ago. 

Lutz et al. (1996a) used ISOSWS to investigate the innermost region 
of our Galaxy. Pointing at the Galactic center SgrA* they obtained a 
spectrum covering the full SWS range from 2.4 to 45 /xm. This spectrum 
exhibits the typical fine structure lines observed in starburst galaxies. Small 
line ratios of [Arlll] 8.9 /im/[ArII] 6.9 /xm, [Ne III] 15.6 /im/[NeII] 12.8 /xm 
and [S IV] 10.5 yxm/[S III] 18.7 fim indicate a soft ionizing continuum, consis- 
tent with the decaying emission from a star forming event stopped several 
million years ago. An average effective temperature of about 35000 K is 
derived (Lutz et al. 1996a). A gas density of «3000cm“® is obtained from 
the [Sill] 18.7^m/33.5^m and [Ne III] 15.6/xm/36.0/xm line ratios. The 
SWS spectrum of the galactic center contains a number of absorption fea- 
tures, some of them observed for the first time (see Lutz et al. 1996a). 
Beside the strong silicate absorption around 9.7 and 18 /xm, features of the 
0"H stretch mode at 3 /xm and GO 2 ice at 4.26 and 15.2 /xm and a small 
number of transitions in the R and P branches of the GO fundamental vi- 
bration band have been observed. They originate in the cool foreground 
interstellar medium. PAH emission from the Galactic center itself has not 
been detected. It is assumed that, unlike in the circumnuclear ring around 
the Galactic center (see Genzel et al. 1994), the carriers of the PAH features 
in the central region are destroyed by the intense radiation field of the hot 
star cluster (Lutz et al. 1996a). 

An important result of the SWS observations of the Galactic center is a 
new extinction law for the previously poorly constrained extinction in the 
mid-infrared. Lutz et al. (1996a, 1997) used the hydrogen recombination 
lines to derive the new extinction curve. Gomparing observed H I line ratios 
with expected line ratios from case B calculations, they were able to deter- 
mine the extinction towards Sgr A* at various wavelengths in the 2 — 20 /xm 
range. The well determined K band (2 /xm) extinction of Ak = 3.47 mag 
(Rieke et al. 1989) was used to fix the derived extinction curve at 2.625 /xm, 
the wavelength of the HI Brackett (3 line. The new extinction law lacks the 
deep minimum in the 4 — 8 /xm region expected for standard graphite-silicate 
grain mixes (see Draine 1989). Additional contributions to the extinction 
by features similar to the 3 /xm OH “ice” feature and changes to the shape 
of the silicate feature due to grain impurities are proposed to cause the in- 
creased continous absorption (Lutz et al. 1997). As most of the extinction 
towards the Galactic center arises in the foreground interstellar medium, 
the new law should be applicable also for other lines of sight. Indications 
for a significantly higher extinction at 7.5 /xm have been found in ISOSWS 
observations of several extragalactic objects (see Lutz et al. 1997). 

A very important result of recent Galactic center research is the detection 
of a massive black hole in the dynamical center of our Galaxy. Genzel et al. 
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(1997) used diffraction limited K band imaging (resolution 0.15") in five 
epochs between 1992 and 1996 and imaging spectroscopy to determine the 
stellar proper and radial motion of numerous stars orbiting around Sgr A* . 
The stellar velocities rise up to speeds of > 10^ km s“^ in the immediate 
vicinity ~ 0.01 pc of Sgr A*. From the stellar motions Genzel et al. (1997) 
infer that a dark mass with M = 2.6 x 10® Mq and a density of p > 2.2 x 
10^^ Mq pc“® is residing within about a light-week of the compact radio 
source Sgr A* . Showing that there is no stable configuration of normal stars, 
stellar remnants or sub-stellar entities with such properties, they claim that 
the central dark mass is a single black hole. The massive black hole in the 
Galactic center is the most stringent detection of a black hole in a galactic 
nucleus (see Maoz 1998a, 1998b). The results by Genzel et al. (1997) were 
independently confirmed by Ghez et al. (1998). 

The massive black hole in the Galactic center is currently in a quiescent 
state with a very low accretion rate (see discussion in Genzel et al. 1994; 
1997; Morris and Serabyn 1996; Mezger et al. 1996). Assuming a standard 
accretion disk/black hole model the luminosity of Sgr A* corresponds to an 
accretion rate of only M ~ 10“®MQyr“^ (Mezger et al. 1996). Although 
our Galaxy is contemporarily in a normal star forming mode, the obser- 
vations of the Galactic center show that the Galaxy has passed probably 
several phases with starburst and perhaps also AGN activity in the past 
and might do this presumably also in the future. This fits well to the over- 
all picture that starburst and AGN activity are intermittent features of the 
evolution of many if not all galaxies. AGN activity is discussed in more 
detail in the next section. 

3 Active galactic nuclei 

3.1 A unified model for AG Ns 

The term active galactic nuclei (or AGNs) comprehensively denotes all 
classes of active galaxies, namely quasars, blazars, Seyfert, radio and X-ray 
galaxies, whose observational properties cannot be explained with starburst 
activity (see Tab. 1). Accreting massive black holes are commonly believed 
to be the very compact and extremely luminous central engines of these 
objects. A unified model is proposed (see Blanford 1990; Antonucci 1993; 
Robson 1996), which relates the different classes of AGNs and explains their 
observational properties with a common basic scheme. Differences between 
the classes are ascribed to different viewing angles (face-on/edge-on), the 
presence of jets and details of the back hole and the accretion process (black 
hole mass, accretion rate, thickness of the accretion disk, etc.). 

Accreting massive central black holes have been shown to be the most 
powerful energy sources in the universe (Rees 1984). They can even ac- 
count for the bolometric luminosity of the extremely luminous quasars 
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Lboi > 10^^ Lq. Their fundamental source of energy is the gravitation 
of the compact central object. The accreting material is falling into the 
deep potential well of the massive central black hole. The potential energy 
of the infalling material is converted into kinetic energy and the material is 
highly accelerated. Due to conservation of angular momentum and particle 
interaction the infalling matter does not fall directly into the central black 
hole but forms an accretion disk. Friction heats the gigantic maelstrom, 
which rotates faster and faster with decreasing distance from the (virtual) 
Schwarzschild surface of the compact central object. The inner part of the 
accretion disk is heated to temperatures of T > 10® K, much greater than 
the surface temperature of the hottest stars. It radiates thermally and in 
the immediate vicinity of the black hole also due to relativistic effects, like 
(inverse) Compton scattering and synchrotron radiation. Up to 5 — 10% of 
the rest mass of the infalling material is converted into photons and emitted 
preferentially in the optical, UV and X-ray domain (see e.g. Blanford 1990; 
Robson 1996). To maintain a luminosity of 10^^ Lq, an accretion rate in 
the order of lMQyr“^ is necessary (Robson 1996). This does not seem to 
be very much. But by comparing this value with the amount of material 
available to fuel the central engine, it becomes obvious that AGN activity 
can only be a temporary phenomenon in galaxy evolution. 

A common basic model is proposed to explain the different properties of 
AGNs (see e.g. Blanford 1990; Antonucci 1993; Robson 1996). It assumes 
that the heart of an AGN is built by a rapidly spinning massive black hole of 
about ~ 10^“® Mq within a Schwarzschild radius of 2 AU. This black hole is 
surrounded by a strong gravitational and magnetic field. Infalling material 
forms an differentially rotating, viscously heated accretion disk. This disk is 
the primary power source of AGNs, emitting strongly at optical, UV and in 
the fastest moving innermost part also at X-ray wavelengths. The accretion 
disk is surrounded by small, dense, fast moving clouds, which orbit within 
the central parsec around the AGN core {d ~ 0.2 pc). The intense radiation 
field of the luminous accretion disk heats these clouds to temperatures of 
several 10^ K and ionizes the material. Due to the high density of about 
10®“®°cm“® the clouds emit the absorbed energy in strong permitted lines 
of HI, He I, Hell, as well as Fell, Mg II, G IV, NV and O VI. Because of 
their fast individual motion the overall emission of the clouds exhibits broad 
lines with full widths at half maximum (FWHM) corresponding to velocities 
of 10®“^ km s“®. The clouds of this so-called broad line region (or BLR) 
comprise up to 10"^ Mq. 

The broad-line region is embedded in a dense, thick molecular torus, 
which extends from about 1 — 100 pc around the AGN core. Due to its very 
high extinction of Ay ~ 1000 mag the gas- and dust-rich torus is optically 
thick for the radiation from the central source. Only in a cone around 
the axis of the torus radiation can escape. There it hits the clouds of the 
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narrow line region (or NLR), which are located within a sphere of a few 
100 pc diameter around the AGN core. These clouds have a density of about 
10^“® cm“^, much smaller than the density of the BLR clouds. Like typical 
HII regions they emit permitted hydrogen and helium recombination lines 
in combination with forbidden fine structure lines of heavier elements. Due 
to the hard ionizing continuum of the AGN core they exhibit line emission 
from much higher ionization stages than present in star forming regions. As 
the velocity dispersion of the NLR clouds is smaller than that of BLR clouds 
the NLR lines show a narrower profile. The full widths at half maximum of 
the permitted as well as forbidden lines emitted from the NLR correspond 
to velocities of about 10^“^ km s“^. 

In such a scenario different lines of sight can explain the differences 
between QSOs and Seyfert 1 galaxies on one hand and Seyfert 2 galaxies 
on the other. If a remote observer looks at the molecular torus around 
an AGN almost face-on, he views simultaneously the narrow line and the 
broad line region. The observed permitted lines hence consist of broad 
“pedestal” line wings (emitted from the BLR) with narrow components 
(from the NLR) on the top. Additionally he observes narrow forbidden lines 
from the NLR and the continuum emitted from the AGN core (X-rays!). If 
an observer however looks at the molecular torus of an AGN more edge-on, 
the torus shields the direct radiation from the BLR and the AGN core. The 
observer then detects only the narrow permitted and forbidden lines from 
the NLR. From the obscured central region he receives only scattered light. 
The different orientation of AGNs with respect to an observer therefore 
determines whether they appear as Seyfert 1-like or Seyfert 2-like objects. 

Strong radio emission from AGNs, like observed in radio-loud quasars, 
blazars, Seyfert 1-like broad line and Seyfert 2-like narrow line radio galax- 
ies, is related to a twin-jet phenomenon (see e.g. Blanford 1990; Antonucci 
1993; Robson 1996). These jets are highly collimated particle beams pro- 
duced by processes assoziated with the spinning supermassive black hole. 
The power of the jet, and whether or not it is relativistic, depend on details 
of the black hole and the accretion process. The jets are directed along the 
rotational axis of the central black hole and extend far beyond the edge of 
the host galaxy. Jets appear to occur in elliptical galaxies rather than in 
spirals (Robson 1996; Peterson 1997). 

Also for radio-loud AGNs the unified model can be applied. Blazars 
(namely optically violently variable (OVV) quasars and BL Lac objects), 
which exhibit highly variable radio, optical and X-ray continua and a strong, 
variable optical polarization, are then assumed to be radio-loud AGNs ob- 
served face-on with the line of sight being close to the radio axis, i.e. the jets 
are almost seen end-on. Radio-loud quasars and broad line radio galaxies 
(BLRG) are proposed to be AGNs with jets seen under a somewhat larger 
angle. If a jet points towards, but not directly at the observer, like in QSOs 
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and Seyfert I’s, the emission from the BLR and NLR is seen in addition to 
the jet. In narrow line radio galaxies (NLRGs), like in Seyfert 2’s, beside 
the jets only the emission from the NLR can be observed. The radio emis- 
sion of AGNs contributes only marginally to the bolometric luminosity. In 
radio-loud AGNs vF^, at radio wavelengths is typically 3 orders of magitude 
down from the optical and UV. In radio-quiet AGNs the radio continuum is 
even 5 — 6 orders of magitude below vF^ at shorter wavelengths (Peterson 
1997). 

In addition to activity connected with the central black hole, AGNs can 
also exhibit starburst activity. Like in the Seyfert 1 galaxy NGG 7469 and 
the prototypical Seyfert 2 NGG 1068 a ~ Ikpc starburst ring (or disk), pos- 
sibly fed by a bar structure, can surround the AGN nucleus. The spectrum 
of such objects then contains observational signatures of both the active nu- 
cleus and the massive star-forming region (which e.g. contributes a strong 
far-infrared emission) . 

The proposed general scenario for AGNs with an accreting massive black 
hole as central power source and the subsequent predictions seem to fit 
most of the otherwise unexplained observational properties of AGNs. The 
small scales of the central engine agree for example well with the observed 
short-time variations in AGN luminosity on timescales down to one day and 
shorter (see e.g. Robson 1996). Such rapid light changes imply a geometri- 
cal extension of the energy source smaller than one lightday or ~ 170 AU. 
The detailed properties of individual sources however depend on actual con- 
straints, like the fuelling capacity of the host galaxy, the properties of the 
central black hole and the accretion process. More information on AGNs is 
provided by the reviews of Soifer et al. (1987), Telesco (1988), Antonucci 
(1993), Mushotzky et al. (1993), Wagner and Witzel (1995), the Saas-Fee 
lecture notes by Blanford (1990), Netzer (1990) and Woltjer (1990) and the 
textbooks by Osterbrock (1989), Robson (1996), and Peterson (1997). 



3.2 Massive central black holes 

A key issue for the understanding of AGNs is to show that central black 
holes exist. Recent evidence indicates that massive black hole resides at 
the centers of many or possibly all galaxies (see e.g. reviews by Kormendy 
and Richstone 1995; Ho 1998; Richstone et al. 1998). The presence of a 
central massive black hole is revealed by its interaction on the surroundings 
due to its high gravitational mass. The mass enclosed within a certain core 
radius is determined from the velocity of test particles orbiting around the 
central dark object. The velocity dispersion of stars (in case of our Galaxy, 
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M31, M32, NGC3115, NGG3377^ NGG3379®, NGG4342, NGG4486b^, 
NGG4594), the rotation of a small central gas disk revealed with the HST 
(in case of M84^°, M87^^, NGG426G^, NGG7052^^) and orbiting water 
masers, which populate a tiny annular gaseous disk near the nucleus (in the 
case of NGG 1068, NGG4258, NGG4945), have been used to dynamically 
determine the central mass (Richstone et al. 1998). The observations prove 
the presence of a massive dark object, but in most cases the dynamical 
techniques are not yet accurate enough to prove that these objects are really 
single supermassive black holes. As alternatives still very dense clusters 
of small masses with high mass-to-light ratio, like low-mass stars, stellar 
remnants (esp. neutron stars and low-mass “stellar” black holes) or sub- 
stellar entities, remain. 

Up to now 19 galaxies with dynamically identified massive black hole 
candidates are known (see Richstone et al. 1988). In two of them, NGG 4258 
and the Galactic center, the extremely high central mass density of p > 
10^^ Mq pc“^ rules out any plausible alternatives to a single massive black 
hole (see Genzel et al. 1997; Maoz 1998a, 1998b). This is used as an 
indication that the other central massive dark objects are also black holes. 
The masses of the proposed central black holes range from a few 10® Mq, as 
in our Galaxy, up to 10® ® Mq in M 87. The black hole masses scale in rough 
proportion to the visible mass of the spheroid of the host galaxy Mmbh ~ 
10®“®Mbuige (Kormendy and Richstone 1995). Only for a few galaxies, 
like upper limits of Mmbh < 10® Mq can exclude the presence of a 

“supermassive” central dark object (Richstone et al. 1998). Massive black 
holes therefore seem to be a normal feature of the central region of bright 
galaxies, particularily of those with spheroids. If so, they are suggested to 
be the remnants of a previous AGN phase and the long-sought fossil black 
holes of the QSO central engines (Faber 1999). 

3.3 Observational properties of AGNs 

AGNs are classical emission line galaxies. Their optical spectra are domi- 
nated by strong emission lines of [O II] A3727, [Ne III] A3869, [O III] AA4363, 
4959, 5007, H/3, Ha and [Nil] A6583 (see Osterbrock 1989; Robson 1996; 
Peterson 1997). Observational details are used to subdivide the AGNs into 
different classes (see Tab. 1). 



^NGC 3377: http:/ /oposite. stsci.edu/pubinfo/pr/97/01.html 
®NGC 3379: http:/ /oposite. stsci.edu/pubinfo/pr/97/01.html 
® NGG 4486b: http: / /oposite. stsci.edu / pubinfo/pr/97 /01 .html 
84: http://oposite.stsci.edu/pubinfo/pr/97/12.html 
87: http://oposite.stsci.edu/pubinfo/pr/94/23.html 
N GC 4261 : http: / / oposite.stsci.edu/pubinfo/pr/95 /47.html 
^®NGC 7052: http:/ /oposite. stsci.edu/pubinfo/pr/1998/22/ 

33: http://oposite.stsci.edu/pubinfo/pr96/27.html 
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QSOs and Seyfert I’s, the AGNs whose cores according to the unified 
model are viewed directly, exhibit roughly a power law spectral energy dis- 
tribution Fi, proportional to over a wide range of wavelengths from 
the infrared to the hard X-ray region. The continuum is fairly feature- 
less and variable on short time-scales. A blue bump around 3000 — 4000 Â 
and another bump at infrared wavelengths around 3 /xm are well known 
(see Soifer et al. 1987; Moorwood 1992, 1996). Strong emission in broad 
permitted lines (from the BLR) and narrow permitted and forbidden lines 
(from the NLR) is observed. The lines cover a wide range from moder- 
ate to high ionization. The QSOs are in general more luminous than the 
Seyfert 1 galaxies. They are usually more distant and have a point-like 
( “quasi-stellar” ) appearance. The more nearby Seyfert I’s have a quasar- 
like nucleus, but in addition the host galaxy is well visible. However with 
improving observational techniques (HST has e.g. resolved the host galaxies 
of several quasars) the gap between QSOs and Seyfert galaxies vanishes. 

Seyfert 2 galaxies, in which the broad-line region according to the uni- 
fied model is obscured by the molecular torus, exhibit continua dominated 
by starlight in the optical and near-infrared region and by warm dust com- 
ponent in the mid-infrared. In contrast to Seyfert 1 galaxies only narrow 
permitted and forbidden lines emitted from the NLR but no direct emission 
from the BLR are observed. 

The main difference between starburst and AGN activity is that the 
central engines of AGNs produce a much harder ionizing radiation than the 
hottest stars. Therefore lines of much higher ionization stages are present in 
the AGN spectra. In contrast to starbursts pure AGNs exhibit no strong far- 
infrared excess and no PAH features. Instead they show a weaker emission 
of hotter dust T « 150 — 200 K heated by the emission of the central engine, 
which peaks at mid- infrared wavelengths. The PAH features are assumed 
to be missing because their carriers are destroyed by the strong radiation 
field of the central source. However signatures of starburst activity can be 
present in AGN spectra, if the active galactic nucleus is surrounded by a 
starburst ring, like in case of NGG 1068, NGG 7469 and the Gircinus galaxy. 

3.4 ISO observations of AGNs 

ISO spectroscopy probes the dust properties in AGNs. Rodriguez-Espinosa 
et al. (1996) presented ISOPHOT observations of three classical Seyfert 
galaxies NGG 3227, NGG 4051 and NGG 4151. Their data, together with 
IRAS data, show that the mid- to far-infrared emission of these galaxies can 
be split up into two components peaking around 20 /xm and 100 /xm. They 
ascribe the bimodal emission to two well defined regimes, namely a warm 
dust emitting region with T ~ 170K and a second, much colder emitting 
region with T ~ 30K. Like proposed for NGG 1068 (see Telesco et al. 1988) 
they claim that the warm component is assoziated with dust heated by the 
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emission from the nuclear region (see Rodriguez-Espinosa and Pérez-Garcia 
1997), while the cooler component is emitted from dust in a circumnuclear 
star forming environment. In a more recent paper Pérez-Garcia et al. (1998) 
propose a three component model with T ~ 150 K, ~ 50 K, and ~ 20 K) 
based on a sample of 10 Seyferts, which resolves the far-infrared bump into 
emission from dust heated by the radiation of hot OB stars in star forming 
regions and by the general galactic interstellar radiation field. 

Haas et al. (1998) investigated the dust properties of 10 quasars and 
radio galaxies. They used 0.1 y^m — 100 mm spectral energy distributions 
(SEDs) derived from ISOPHOT, IRAS and other observations to reveal 
signatures of thermal dust as well as synchrotron emission. In most of 
the cases one of these two components is dominant and the other one is 
hidden. The SEDs of the radio-quiet and steep-spectrum quasars show 
a bump around 60 /rm and a decline longward of 100 /im. This is strong 
evidence for a thermal origin of the emission. The infrared bump can 
be described as a superposition of several modified black bodies repre- 
senting components emitted from dust at a broad variety of temperatures 
T ~ 600 — 30K. The dust is assumed to be heated predominantly by the 
highly luminous quasar nucleus (presumably by the hot accretion disk) and 
perhaps to a minor degree by associated star forming regions. The in- 
frared emission of the flat-spectrum radio quasars connects smoothly the 
mid-infrared and radio spectrum. This supports the interpretation as syn- 
chrotron emission. Any dust emission present in the mid- and far-infrared 
is diluted by the strong Doppler-boosted synchrotron emission of the rela- 
tivistic jet, which according to the unified model is seen almost end-on in 
these objects. The unified model is further supported by observations of 
the radio galaxies GygA. The similarities between the infrared spectra of 
GygA and the quasar 3G48 strongly support the interpretation of Gyg A 
as a hidden quasar, as proposed by the unification scheme. 

ISO observations can also be used to probe the ionizing radiation of the 
central source of AGNs. Moorwood et al. (1996) used ISOSWS to obtain 
a 2.4 — 45 /im spectrum of the Gircinus galaxy (Fig. 3). This object is 
one of the closest spirals, which contains both a visually obscured Seyfert 
nucleus and circumnuclear starburst activity. In addition to PAH features, 
H 2 and low excitation ionic lines ([Fell], [Nell], [SHI]) from the starburst 
region, the spectrum shows several prominent lines from highly ionized 
species ( [Ne HI, V, VI], [SIV], [Mg V, VII, VHI], [OIV], [Si IX]), which arise 
in gas photoionized by the AGN within its ionization cone. Line fluxes ob- 
served for such lines together with photoionization calculations, which pre- 
dict such fluxes depending on different input ionizing radiation fields, can 
be used to constrain the UV to X-ray continuum emitted from the Seyfert 
nucleus. Moorwood et al. (1996) find the best agreement between the ob- 
served and predicted optical, near-infrared and ISO line fluxes for an ionizing 
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Fig. 3. ISO-SWS spectrum of the Circinus galaxy. From Moorwood et al. (1996). 



spectrum characterized by a X-ray continuum - consistent with recent 
ASCA satellite observations - plus an UV bump. This “blue bump” peaks 
at ~ 70 eV (180 Â) in a plot of versus v and is responsible for most of 
the ISO lines. Models in which the UV bump is represented by a broken 
power law, typical of a thin accretion disc, or a quasi-blackbody at 2 x 10® K 
give equally good fits to the observed emission line spectrum. Moorwood 
et al. (1996) conclude that independently of the origin of the blue bump, the 
contribution of the re-processed ionizing radiation from the AGN probably 
dominates over the starburst contribution to the total infrared luminosity. 

Alexander et al. (1998) applied a similar procedure to the nucleus of the 
Seyfert 1 galaxy NGC4151. They used 17 fine structure lines observed with 
ISOSWS in conjunction with a compilation of UV to IR narrow emission 
lines to determine the spectral shape of the EUV continuum that pho- 
toionizes the NLR gas in this object. Their best-fitting NLR cloud model 
consists of a clumpy, optically thick gas distribution with a hydrogen gas 
density of ~1000cm“® and a volume-filling factor of 6.5 x lO”"*. This gas 
is photoionized by a spectral energy distribution, which in case of the best 
fit falls sharply beyond the Lyman limit and then rises sharply towards 
100 eV. In contrast to Gircinus (Moorwood et al. 1996) the best-fitting 
SED for NGG4151 exhibits no UV bump (which is a signature of a hot 
thin accretion disk). As however the observed BLR recombination lines 
from the inner 1 pc suggest that the BLR is ionized by a continuum which 
does have a strong UV component (perhaps a big blue bump), Alexander 
et al. (1998) claim that this UV component is absorbed by material located 
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between the NLR and BLR. From their analysis they suggest that the ab- 
sorber, which has independently been detected by UV absorption lines, is 
consisting of ~ 5 x 10^®cm“^ of neutral hydrogen. 

In a companion paper on NGC4151 Sturm et al. (1998) discuss blue 
asymmetries found for the ISOSWS fine-structure line profiles, which are 
very similar to asymmetries observed in the optical line emission of the NLR. 
Based on these observations they propose a model of a central, geometrically 
thin but optically thick obscuring screen of subarcsecond extension, enclos- 
ing a total hydrogen gas mass of > 5 x 10® Mq. This mass may be molecular. 
From the weakness of the PAH emission features in an ISOPHOT-S spec- 
trum of NGG4151 Sturm et al. (1998) additionally infer that star formation 
plays a minor role in the circumnuclear region of this galaxy. 

Mirabel et al. (1999) used ISOGAM to observe the closest radio loud 
AGN Gen A (Fig. 4)^®. The dust emission from the deep interior of Gen 
A reveals a bisymmetric structure with a diameter of 5 kpc, centred on the 
AGN (Fig. 5). This structure is remarkably similar to that of a barred spiral 
galaxy, with the bar lying in a plane that is tilted ~ 18° from the line of sight. 
The distribution of emitting dust in the inner regions of Gen A is noticeably 
displaced from the more chaotic and widespread optical obscuration. The 
barred spiral is a quasi-stable structure formed at the center of the giant 
elliptical from the tidal debris of a gas-rich object (s) accreted in the past 
10® years. The total size and mass of interstellar gas in the barred spiral at 
the center of Gen A is comparable to those of the small Local Group spiral 
galaxy Messier 33. The observation of this remarkable structure opens the 
more general question on whether the dusty hosts of giant radio galaxies 
like Gen A, are “symbiotic” galaxies composed of a barred spiral inside an 
elliptical, where the bar serves to funnel gas toward the AGN. 

ISO observations, which benefit from the low extinction at infrared wave- 
lengths, can therefore be used not only to improve our knowledge on the 
structure of active galactic nuclei and to constrain their photoionizing emis- 
sion, but also to investigate their environments and fuelling mechanisms. 
Objects for which the low extinction at ISO wavelengths was essential for 
a breakthrough in their general understanding are discussed in the next 
section. 



4 Ultraluminous infrared galaxies 

4.1 UURGs as a class 

Ultraluminous infrared galaxies (or ULIRGs) are galaxies with a bolomet- 
ric luminosity Lboi > 10^® L©, which emit the bulk of their energy in the 



^®Cen A: http:/ /oposite. stsci.edu/pubinfo/pr/1998/14/ 
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Fig. 4. The ISO 7 fj,m emission (dark black, see also Fig. 5) and VLA 20 cm 
continuum (contours) , overlaid on an optical image from the Palomar Digital Sky 
Survey. (From Mirabel et al. 1999.) 



5 — 500 /rm range. Their identification as an individual class of objects has 
been one of the major discoveries of the IRAS all-sky survey. ULIRGs are 
beside quasars the most luminous objects in the universe (Sanders et al. 
1988). Although they are relatively rare, their space density exceeds that 
of optically selected QSOs in the local universe {z < 0.3) by a factor of 2 
(Sanders and Mirabel 1996). Therefore they are the dominant population 
of extragalactic objects at very high luminosities. 

ULIRGs (with Lboi > 10^^ A©) emit in the order of ten times more 
energy than ordinary starburst galaxies (Lboi ~ 10^^“^^ L©) and about 
100 to 1000 times more than normal star forming gas-rich spirals (Lboi < 
1011 L© ). The enormous luminosity of ULIRGs is produced in objects 
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Fig. 5. ISO 7 fim image and ^^CO(2 — 1) position-velocity maps in the central 
region of Cen A. Note the similarity in morphology with the 7 /rm image of the 
prototype barred spiral NGC 1530 (insert). The kinematics of the gas in the 
lower panel is consistent with that of a barred spiral, (for details, see Mirabel 
et al. 1999). 



heavily obscured by dust. The intense radiation of these powerful, deeply 
embedded sources heats the surrounding dust, which re-emits the energy at 
temperatures of 30 — 50 K with a spectral energy distribution peaking in 
the far-infrared. Due to this mechanism ULIRGs show a very strong far- 
infrared excess. In fact they emit more energy in the infrared than at all 
other wavelengths combined {e.g. for Arp 220 98% of its Tboi)- In the optical 
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however ULIRGs are only by a factor of 3 — 4 more luminous than normal 
spiral galaxies. Therefore they have been recognized as a new, important 
class of objects only with the IRAS observations. 

Sanders et al. (1988) presented a detailed study of ten IRAS-selected 
ULIRGs based on photometric and spectroscopic observations in the optical, 
infrared and millimeter range. The optical images show that all ULIRGs of 
their sample are strongly interacting systems with exceptionally luminous 
nuclei. Most of them are best described as ongoing mergers. The millimeter- 
wave GO observations show that the objects typically contain 0.5 — 2 x 
10^° Mq of molecular hydrogen gas in their central kpc (Sanders et al. 1988). 
This is 3 — 20 times the amount of H 2 gas in the nuclei of normal spirals, 
like our Galaxy. The light-to-mass ratios of ULIRGs of Ly!r/M(K 2 ) « 
20— 100 Lq/ Mq (with Thr «Aboi) are considerably higher than the ratios 
typically found for starburst galaxies (« 20 Lq/ Mq) and normal gas-rich 
spirals (« 4Lq/Mq). Hence a very effective production of energy takes 
place in the nuclei of ultraluminous IR galaxies. All ULIRGs investigated 
by Sanders et al. (1988) are emission-line galaxies. They exhibit spectral 
signatures of starburst and AGN activity. 

ULIRGS are widely believed to be the result of recent or ongoing merging 
of two gas-rich spirals (Sanders and Mirabel 1996). Gomparison of a sam- 
ple of ultraluminous infrared galaxies with samples of moderate and high 
luminosity IR galaxies shows that the fraction of strongly interacting and 
merging systems increase from about 10% to nearly 100% with a bolomet- 
ric luminosity increasing from Arir < 10^^ Lq to > 10^^ Lq (Sanders et al. 
1988). At the same time the mean projected separation of the nuclei in case 
of mergers or close pairs decreases from 36 kpc to about 1 kpc (Sanders and 
Mirabel 1996). Theoretical calculations (see Barnes and Hernquist 1992; 
Barnes 1995; Barnes and Hernquist 1996) show that interaction of gas-rich 
spirals can build up an enormous concentrations of gas of M(H 2 ) « 10^° Mq 
in the central kpc of merger systems, as observed in ULIRGs. This gas 
triggers the intense infrared emission of ULIRGs. The maximum infrared 
luminosity is produced close to the time when the two nuclei actually merge 
(Sanders and Mirabel 1996) 

Typical primary products for the formation of an ultraluminous infrared 
galaxy are for example our Galaxy and the Andromeda galaxy^®. If such 
two gas- and dust-rich spirals approach each other close enough, they can 
form a strongly interacting pair of galaxies, like the “Antennae” galaxies 
NGG 4038/39 (Fig. 1). These two galaxies are an early merger system com- 
posed by two overlapping, distorted late-type spirals. They show two long, 
thin tidal tails and a young extranuclear starburst in the overlap region 
fueled by gas infall. The two nuclei are about 15 kpc apart (Sanders and 



16MWG meets M31: http://oposite.stsci.edu/pubinfo/pr/97/34/addtlim.html 
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Mirabel 1996). As the merging proceeds an ultraluminous infrared galaxy 
like Arp 220 will be formed. Such an object like Arp 220 is an advanced 
merger, which shows relatively short, broad tails and a relaxed central body. 
The nuclear region of Arp 220 is completely obscured by dust in the optical. 
Its strong emission in the far-infrared completely dominates the bolometric 
luminosity Lboi = 1-3 x 10^^ Lq of the object. Two distinct nuclei are found 
in Arp 220 at a separation of about 0.3 kpc (Sanders and Mirabel 1996). 

ULIRGs very likely represent an important link between starburst galax- 
ies and the AGN phenomena (Sanders and Mirabel 1996). Sanders et al. 
(1988) presented an evolutionary scenario which connects ULIRGs and 
quasars. They proposed that ULIRGs are the initial dust-enshrouded stages 
of quasars. Once these nuclei shed their obscuring dust, allowing the AGN 
to visually dominate the decaying starburst, they become optically-selected 
quasars (Sanders et al. 1988). The ULIRGs may also represent a primary 
stage in the formation of elliptical galaxy cores, spanning the gap between 
merging spirals and emerging ellipticals (Sanders and Mirabel 1996). 

An open problem since the discovery of the ULIRGs was the question 
of which energy source produces the enormous luminosity emitted by their 
inner regions. Powerful starbursts {e.g. Shaya et al. 1988), active galactic 
nuclei {e.g. Graham et al. 1990) and the kinetic energy of the colliding 
galaxies {e.g. Harwit et al. 1986) have been proposed. Observations of 
ULIRGs reveal evidence for ongoing starburst and AGN activity (Sanders 
and Mirabel 1996). Qualitatively the majority of ULIRGs looks similar to 
starburst galaxies (see e.g. Lutz et al. 1998a, b). However quantitatively the 
starburst activity traced by optical and near-infrared observations tends to 
be insufficient to produce the huge ULIRG bolometric luminosities (see e.g. 
DePoy et al. 1987). 

A general problem of the search for the central energy source of ULIRGs 
is the high extinction. The low HI Br 7 /H 2 (1 — 0) S(l) line ratios typically 
observed in ULIRGs suggest that the dominant luminosity source in these 
objects is still highly obscured at near-infrared wavelengths (Goldader et al. 
1995). At mid-infrared wavelengths however spectroscopy is able to pen- 
etrate significantly higher dust columns equivalent to a screen extinction 
of Ay ~ 50 mag. The answer to the outstanding question “what powers 
ultraluminous infrared galaxies” as given by ISO observations is discussed 
in the following sections. First the result for Arp 220, a prominent repre- 
sentative of the ULIRG class, is presented, then the ISO conclusions for a 
larger sample of ULIRGs are discussed. More details on ULIRGs in general 
can be found in the reviews by Moorwood (1996) and Sanders and Mirabel 
(1996) and the references therein. 
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4.2 Arp 220 - the Rosetta stone 

Arp 220^”^ at a distance of 77Mpc {Hq = 75 [km s“^/Mpc]) is the nearest 
and well studied example of an ultraluminous infrared galaxy. It is one of the 
ten ULIRGs in the classical Sanders et al. (1988) sample. Its bolometric 
luminosity of Lboi = 1-34 x 10^^ L© (Scoville et al. 1991) is completely 
dominated by the far-infrared emission, which accounts for 98% of the total 
energy output. 

Arp 220 looks in many aspects similar to a starburst galaxy (Sturm et al. 
1996). Strong stellar CO absorption bands (Armus et al. 1995), a huge 
concentration of molecular gas in the center M(H .2 + He) « 2.5 x 10^° M© 
(Scoville et al. 1991), strong PAH features (Rieke et al. 1985), near-infrared 
colors similar to starburst galaxies (Mazzarella et al. 1992) and associations 
of young, massive stars found by Shaya et al. (1994) are strong indica- 
tions for ongoing starburst activity. However there is also evidence for a 
dust-enshrouded, optically hidden central AGN, derived for instance from 
a LINER-like optical spectrum (Rieke et al. 1985), the broad HI Bra line 
reported by DePoy et al. (1987), and the difficulty to reconcile the ratio of 
inferred Lyman continuum luminosity to bolometric luminosity with star- 
burst models (see DePoy et al. 1987). 

Sturm et al. (1996) used ISOSWS to investigate Arp 220 in the mid- 
infrared. From the observed HI Br/3/Bra and [SHI] 18.7 pm/33.5 pm line 
ratios they derive a mean extinction for the central region of Ay « 50 mag. 
This value is significantly higher than most earlier values. Adopting this 
high extinction, the intensities of the observed low excitation [Nell] and 
[S HI] lines and the extinction-corrected ratio of the Lyman continuum flux 
to bolometric luminosity LbycZ-bboi imply that massive star formation takes 
place in the center of Arp 220. Gomparisons with starburst models show that 
the observed starburst activity can quantitatively account for the huge far- 
infrared luminosity emitted by this ultraluminous infrared galaxy (Sturm 
et al. 1996). The previous problem to match the huge observed bolometric 
luminosity with starburst models (see DePoy et al. 1987) disappears, if the 
correct high extinction is applied (see Lutz et al. 1996b). 

Additionally no AGN indicators such as the high excitation [NeV] or 
[OIV] lines were detected to an upper limit significantly less than in bona 
fide AGN galaxies (Sturm et al. 1996). This does not exclude the presence 
of a central AGN. But it indicates that if a central AGN is present, it 
could only be a minor contributor to the total luminosity. Sturm et al. 
(1996) therefore have shown that starburst activity is the dominant source 
of luminosity in Arp 220. This result triggered a detailed investigation of a 
larger sample of ultraluminous infrared galaxies with the ISO. 



Arp 220: http://oposite.stsci.edu/pubinfo/pr/97/17.html 
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4.3 The power source of UURGs 

Genzel et al. (1998) presented a sample of 15 ULIRGs observed with 
ISOSWS and ISOPHOT-S. Additional samples of 12 starburst galaxies and 
16 objects with active galactic nuclei were used for comparison. From the 
observed [Sill] 18.7 pm/33.5 pm line ratios Genzel et al. (1998) derived vi- 
sual extinctions of Ay“' « 5 — 50 mag and Ay'^ « 50 — 1000 mag for screen 
and mixed case extinction, respectively. These values are significantly higher 
than previous estimates. They indicate that the mid-infrared emitting re- 
gions of the observed ultraluminous infrared galaxies are highly obscured at 
optical and near-infrared wavelengths. 

Using the relative strength of the 7.7 pm PAH emission feature and the 
[OIV]/[NeII] or [OIV]/[SIII] line ratio Genzel et al. (1998) created a di- 
agnostic diagram. They overplotted a “mixing” curve, which indicates the 
contribution of AGN and starburst activity to the total luminosity in differ- 
ent parts of the diagram. Based on this diagram they concluded that 70 to 
80% of the ULIRGs in their sample are predominantly powered by recently 
formed massive stars. Only 20 to 30% are powered mainly by a central 
AGN. No obvious trend was found that the AGN component dominates in 
the most compact and thus most advanced mergers. 

As Sturm et al. (1996) for Arp 220, Genzel et al. (1998) could not rule 
out the presence of both AGN and starburst activity in any of their objects, 
but star formation was shown to be the dominating source of luminosity in 
most of them. Indeed they claim that probably half of their 15 ULIRGs 
have simultaneously an active nucleus and starburst activity in a 1 — 2 kpc 
diameter circum-nuclear disk/ring. This fits to the scenario that a large 
amount of interstellar gas, which looses angular momentum during a galaxy 
collision, is transported to the central region of the merging system and 
concentrated in a circum-nuclear ring (Barnes and Hernquist 1996). As a 
result of the compression of the gas a powerful starburst is triggered, which 
drives the ULIRG. If a massive central black hole is present in such an 
object, this might be fed in a second phase. Very low angular momentum 
gas produced by stellar mass loss in the starburst ring may fall in the nucleus 
proper and accrete onto the central black hole (Norman and Scoville 1988; 
Scoville and Norman 1988). Genzel et al. (1998) show in a detailed study 
that this seems to be the case for UGG5101. 

Lutz et al. (1998) have investigated an extended sample of 60 ULIRGs 
at low resolution with ISOPHOT-S. They discuss in detail the strong PAH 
features exhibited by ultraluminous infrared galaxies. With respect to these 
features ULIRGs look very similar to starburst galaxies. Slight differences 
in the ratios of the PAH features between ULIRGs and starburst galax- 
ies are attributed to higher extinction and different physical conditions 
in the interstellar medium of the ULIRGS. Using the ratio of the 7.7 pm 
PAH emission feature to the local continuum as a discriminator between 
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starburst and AGN activity Lutz et al. (1998) conclude that about 80% 
of all ULIRGs in their sample are predominantly powered by star forma- 
tion. The fraction of AGN-powered objects depends on the luminosity of 
the ULIRGs. It increases from 15% at luminosities below 2 x 10^^ Lq to 
about 50% at higher luminosities. The observed PAH feature-to-continuum 
ratio is anticorrelated with the ratio of the feature-free 5.9 fxm continuum to 
the IRAS 60 /rm continuum (Lutz et al. 1998). This confirms that a strong 
infrared continuum is a prime signature of AGNs. The location of starburst- 
dominated ULIRGs in such a diagram is consistent with the assumption of a 
significant high extinction in the mid-infrared. For the objects with known 
merger status, no indications were found that advanced mergers are more 
AGN-like, as it is postulated by the classical evolutionary scenario (Sanders 
et al. 1988). 

Recently Lutz et al. (1999) compared the ISO classification of ULIRGs 
in objects predominantly powered either by starbursts or AGNs (Lutz et al. 
1998) with a classification based on optical spectroscopy and optical/near- 
infrared search for hidden broad-line regions. They found that both classi- 
fications give similar results. The agreement becomes excellent if ULIRGs 
with optical LINER spectra are assigned to the starburst group. This re- 
sult supports the conclusions on the power source of ULIRGs drawn from 
ISO observations alone. The starburst nature of the ULIRG LINERs is 
suggested to be due to shocks that are probably related to superwinds (see 
Heckman 1991), rather than beeing an expression of AGN activity. Lutz 
et al. (1999) further find a few ISO AGNs with optical HII or LINER iden- 
tification, suggesting that highly obscured AGNs exist but are not typical 
for the ULIRG phenomenon. They conclude that strong AGN activity, once 
triggered, quickly breaks the obscuring screen at least in certain directions, 
thus becoming detectable over a wide wavelength range. 



Ultraluminous infrared galaxies appear therefore to be much more 
starbursts than buried quasars. Their star-forming activity is driven by 
the enormous amount of molecular gas, which is concentrated due to tidal 
interactions in the central region of merging pairs of galaxies. The starbursts 
are deeply embedded in obscuring dust, which re-emits the enormous bolo- 
metric luminosity produced by a large number of recently formed stars in 
the far-infrared. As soon as the AGN component, which is assumed to 
be present in most, if not in all ULIRGs, becomes the dominating energy 
source, the ULIRG phase tends to end and a QSO appears. This may hap- 
pen in the ULIRGs with the highest luminosities Lfir > 3 x 10^^ Lq, which 
appear to be advanced mergers powered by a mixture of a circumnuclear 
starburst and an active galactic nucleus in the center (Sanders and Mirabel 
1996). 
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COSMOLOGY WITH ISO 



J.-L. Puget ^ and B. Guiderdoni^ 



Abstract 

This review paper focusses on the deep IR/submm surveys achieved 
with ISO and on the constraints they put on galaxy evolution. Use- 
ful formulae and notations for faint galaxy counts are recalled. The 
physical properties and spectral energy distributions of the dust that 
is responsible for the IR/submm emission are briefly described. The 
results of the ISOCAM and ISOPHOT deep surveys at 15 /rm and 
175 /rm are reviewed, with those of the SCUBA deep surveys at 
850 pm. These observations break the Cosmic Infrared Background 
discovered by COBE into its brightest contributors, and show strong 
galaxy evolution. Constraints can be put on the amount of past star 
and/or black hole formation in the Universe. Current attempts to 
model this strong evolution with the so-called semi-analytic approach 
of galaxy formation are outlined. A preview of survey capabilities 
with forthcoming instruments after ISO shows that our knowledge of 
the “optically-dark” side of the universe should increase rapidly. 

1 Introduction 

Three types of cosmological observations can be carried out with ISO. 

• Galaxies emit in the infrared because their dust absorbs UV/optical 
starlight and releases this energy at larger wavelengths, between a 
few pm and a few mm. How much of the history of galaxies is hidden 
from optical and UV observations by dust shrouds is a very important 
question for understanding galaxy formation. Thanks to IRAS, the 
luminosity fraction radiated in this wavelength range is known for the 
local universe where it amounts to about 30% (Soifer and Neugebauer 
1991). However, past galaxy evolution in the IR was unknown until 
very recently, especially before COBE and ISO. Since 1996, the dis- 
covery of the Cosmic Infrared Background, and deep surveys with the 
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instruments on-board ISO, have begun unveiling the “optically-dark” 
(but “infrared-bright”) side of the high-redshift Universe. These lec- 
ture notes focuss on this observational breakthrough and on the first 
constraints they can be put on galaxy evolution. 



• Primordial nucleosynthesis produces, among other nuclei, deuterium. 
The deuterium abundance depends critically on the baryon abundance 
in the universe. A D/H ratio of 1 x lO”"* implies a ratio of baryons 
over photons of 3 x 10“^°, whereas a D/H ratio of 1 x 10“® implies a 
ratio of baryons over photons of 3 x 10“®. The determination of the 
primordial abundance of deuterium is thus a very important observ- 
able for cosmology. As it is often the case, direct determination of the 
primordial abundance is not possible. Deuterium is destroyed in stars, 
and thus the present abundance of deuterium alone is useless. It must 
be complemented by measurements in the past. This can be done in 
two ways. The abundance of deuterium in the solar system gives us 
the deuterium abundance when it formed 4.5 billion years ago. The 
second possibility is to measure deuterium abundance in absorbing 
clouds on the line of sight of very distant quasars. Contradictory val- 
ues have been found. ISO has brought a contribution to this problem 
by making an independent measurement of the D/H ratio in the giant 
planets. Hydrogen can be replaced by deuterium in molecules. For 
large molecules, fractionation effects make the measurement of deu- 
terium abundances difficult. For molecular hydrogen, fractionation 
is not an issue. Infrared spectroscopy with ISO is a way to detect 
HD. This was achieved in Saturn and Jupiter. The measurements are 
reported by T. Encrenaz in this volume. The ISO determination com- 
forts rather low values for the protosolar abundance, around 3 x 10“®, 
and in agreement with the Galileo mission determination. 



• Astronomers have known for many years that a large fraction of the 
mass in the universe as traced by dynamics is not in the form of visible 
baryonic matter. A fraction of the dark matter is probably baryonic as 
primordial nucleosynthesis requires a baryon density larger than the 
one directly observed in the form of luminous stars in galaxies. Brown 
dwarfs are stellar condensations with masses below the lower limit for 
which nuclear fusion takes places in the central regions. These objects 
radiate in the infrared as they cool down after collapsing. ISO is one 
of the tools to search for them. The analysis of deep surveys is still in 
progress. 
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2 Relevant quantities and notations for number counts 



2.1 Number counts in the Euclidean case 



Source counts are the first indicator for the interpretation of a deep survey. 
In the so-called “Euclidean case”, the space curvature of the universe is 
neglected (that is, the geometry is flat), the universe is assumed to be 
static (that is, the cosmic expansion is neglected), and there is no evolution 
of the sources. In this simple case, the number counts can be expressed 
analytically. If the luminosity per unit frequency of a source is noted 
the total luminosity L is: 

L = [ L^du ( 1 ) 



and the flux density (in W m ^ 
galaxy at frequency u is: 

Su 



Hz ^ or in Jansky^) received from this 



Lu 

47r£)2 



(2) 



The sources with apparent luminosity Su are at a distance D that reads: 



D = 




( 3 ) 



and the number of sources per sr and flux density unit, with flux density 
between Su and Su + dS',y is: 



dA^ 





( 4 ) 



where Ao is the number density of sources (Mpc ^) which is assumed to be 
constant. The number of sources per sr brighter than Su is: 



N{> Su) 




\ Q-3/2 

47ry ■ 



\ 3/2 



( 5 ) 



If the luminosities of the sources are distributed with a luminosity function 
4>{Lu) such as Ao = / (j){Lu)dLu, equation (5) reads: 

N{> S.) = l(^J 4>{Lu) ' dLu'^ S-^/\ (6) 

It is convenient to express these counts as: 

a S~°‘~^ and A(> Su) oc S~‘^ . (7) 



H Jy = 10-26 W m-2 Hz-1. 
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In the Euclidean case, the “differential counts” dN/dSn and the “integral 
counts” N{> S^) respectively have slopes 5/2 and 3/2. Usually, the bright 
end of the counts is produced by local galaxies for which the Euclidean case 
holds as a good approximation. 



2.2 Faint counts in the Friedman-Lemaître cosmology 

In an expanding universe, three effects strongly affect the number of sources 
per sr with a given flux density: 

• the curvature in the non-Euclidean geometry which makes the counts 
lower than the value given by the Euclidean formula; 

• the redshift which shifts the observed frequency with respect to the 
emission one and can affect dramatically the apparent luminosity if 
the spectrum increases (or decreases) steeply with frequency; 

• the look back time that makes distant sources younger than the local 
ones on an average, and introduces evolutionary effects. 

In an expanding universe, S^, is given by a more complicated relation: 

, (l + »V-(^) , 8 ) 



where u' = + z) is the frequency at the source which is redshifted to 

the observed value u. The argument of means that the luminosity of the 
source is the one it had at cosmic time t corresponding to redshift z, and 
Z?L is the luminosity distance given by: 

DU.) = + + ( 9 ) 

-Wo Qq 

where Rn = cHq^ is the Hubble radius. 

As a matter of fact, the ffux density can be rewritten as follows: 



(1 + z) £.>(0) L,,{z) 

dnDl L,(0) L,>{0r^ ’ 



(10) 



The first luminosity ratio K^{z) = L^'{tS) / Ly{d) is classically known as the 
K correction. In the optical range it is usually expressed in magnitudes 
as ki, = — 2.51og(l + z)K^{z). These two definitions sometimes lead to 
confusion, all the more that the extra factor (1 + z) is introduced in the 
magnitude. Usually, k^{z) is positive and corresponds to a further reduction 
of the apparent luminosity because the optical spectrum of a, z = 0 source 

is generally fiat or decreases as v increases. In the submillimeter range, the 
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K — corrections 




Fig. 1. The K correction factor for a spectral energy distribution typical of M 82. 
The K correction factor is defined as L^i{0)/ LviQ), with v' = + z), and con- 

volved with the response curves of the ISO instruments (with effective wavelengths 
15, 90, 100, and 175 /rm). 



spectrum increases steeply with frequency {L^, ~ j^3.5to4^^ Consequently, 
Ku{z) can be much larger than one, as illustrated in Figure 1, and contrary 
to the classical K correction in the optical range. This would lead to 
a negative value for expressed in magnitudes. Hence the expression 

“negative k correction” which is used for submm spectra at large 0 . 

The second luminosity ratio E^{z) = L^i{z)/L,^r{0) is known as the E 
correction that takes into account the effect of evolution at a look back time 
corresponding to redshift 2 ;. In the optical range, it can also be expressed in 
magnitudes as = —2.5 log E^{z). This describes the so-called “luminosity 
evolution” . Of course, the number of sources of a given luminosity can 
change with z, giving the so-called “number evolution” . 

The apparent luminosity is finally given by: 



S, 



{l + z)K,{z)E,{z)L,{0) 
4ttDI 



( 11 ) 



The number of observed sources with flux density between and S^, -I- dS'^ 
in a solid angle dw is: 



diV = M{z)dV{z) 



( 12 ) 
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Simulated Galaxy Counts Log(N>S) Log(S) at 1.750E — 04 m wavelength 




log(S) in Jy 



Fig. 2. Number counts for galaxies at 175 fim illustrating the differential effects 
of the curvature, the K correction, and the evolution. The bright connts are in 
the Enclidean regime. The case “without evolution, without K correction” gives 
the effect of the curvature alone, for a standard cosmology with Ho = 50 km s“^ 
Mpc“^ and qo — 0.5. Contrary to what occurs in the optical, the introduction of 
the K correction steepens the counts in the submm range. A typical “number evo- 
lution” of the luminosity function for galaxies brighter than 10^^ Lq is introduced 
for the case “with evolution”. 



where Af{z) = L^i{z)){l -b z)^dL^>{z) is the physical number density 

of sources with luminosity between L^i{z) and L^i{z) + dLjy'(z), related to 
by equation (8), and 4>{z,L^i{z)) is the comoving luminosity density at 
redshift z. The volume element dV (z) at redshift z is: 

dV{z) = Ry{D f^{zŸ g{z)dojdz (13) 

where the proper time t is related to redshift by: 

~"'d'z ^ (1 + z)2(1 + 2(Zo^)i/2 “ 



(14) 
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and Da{z) is the angular distance related to the luminosity distance by: 



Da{z) 



{l + zY 



(15) 



Submm number counts shown in Figure 2 illustrate this behaviour. The 
flattening of the number counts at low fluxes (distant sources) is due to 
geometrical effects in cosmology with respect to the Euclidean counts, and 
is very conspicuous. The effect of the K correction factor is shown. This 
factor can inprint a more complicated behaviour on the number counts if 
the spectral energy distribution of the sources is strongly non monotonous. 
This type of effect is particularly relevant for the 15 /rm counts. Finally, 
the effect of a strong cosmological evolution of the comoving source density 
(in addition to the expansion factor) is represented. To illustrate this point, 
we assume that the comoving number density of sources </> is evolving with 
redshift. Thus a strong cosmological evolution can lead to counts steeper 
than the Euclidean ones. In fact, for extragalactic sources for which there is 
no boundary, a strong cosmological evolution is the only way to get number 
counts with an Si, dependence steeper than the Euclidean one. 

We hereafter drop the v index of for simplicity. Over a limited range 
in S, it is convenient to approximate the number counts with a power law: 



N{> S) = j ^dS = No{S/So)-^ (16) 

s 



dN No, . 

dS = ^ 



(17) 



In the Euclidean case, a = 3/2. This is always what is observed for a 
distribution of extragalactic sources for large enough flux densities. For 
strongly evolving cosmological populations, a can reach 2 to 2.5. At very 
low fluxes, the counts flatten and the slope tends towards zero, before a 
final cut-off. 



2.3 Background radiation 

For the power law representation of the number counts given above, the 
brightness of the distribution of sources within a beam of throughput iv is 
given by: 

1= [ S^dS=-^NoSo 

J dS (1 - a) 

^min 

The slope a has to be lower or equal to 1 for convergence of the background. 
With a > 1, the counts diverge when S'min gets closer to 0. For the Euclidean 
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case, a = 3/2. The integral is dominated by the lower bound, and the 
divergence corresponds to the Olbers paradox. 

The number of sources within the beam fluctuates. In the Poissonian 
case (no spatial correlation) , the variance of the fluctuations in the beam tv 
due to sources fainter that S reads: 



(< 5 /)rms = 



dA^ 

"ds' 



S^uj^dS 



LS„ 



1/2 



(19) 



For the power law representation: 



{SI)rms - 



-, 1/2 



(2 -a) 



iVo^o 



2-a 



,Smir 



2-a 



1/2 



(20) 



For a < 2, and particularly for the Euclidean case, the bright end of the 
counts dominate the fluctuations. We thus see that, in such a case, studying 
the fluctuations of the background does not bring much information on the 
distant sources. For steeper slopes a > 2, the fluctuations are dominated 
by the large number of faint sources. If the source population is strongly 
evolving, leading to number counts with a larger than 2, then the fluctu- 
ations are dominated by the sources near the lower bound of the integral. 
In such a case, studies of the fluctuations of the background become a very 
interesting cosmological tool. 

The confusion limit (in flux density) can be simply defined as: 



<^conf 



Ç^conf 



1 1/2 



dA^ 



S^u;^dS 



( 21 ) 



This corresponds to the remaining fluctuation in a beam w once the sources 
brighter than (/Uconf have been removed. The usual value of q is 3 to 5. The 
corresponding background fluctuation is 5/conf = fconf/w. 

If these sources are randomly distributed, the power spectrum of the 
white noise in top-hat beams, associated with this distribution of sources 
(with flux density between S'min and S) is simply given by: 

m = 

(2 - a) 




3 Spectra in the IR/SUBMM range 



3.1 Basic properties of dust absorption and emission 

Interstellar dust is made of several components which radiate in differ- 
ent wavelength ranges. Large grains (0.01 to 0.15 pm) reach equilibrium 
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between the radiation they absorb and the one they radiate. The cross 
section for absorption (or emission) of a spherical grain of radius a at wave- 
length A is usually expressed as a function of its geometrical cross section: 

^abs(^) — Qabs(^)- 

The equilibrium temperature is given by the thermal equilibrium equation: 

J 7ra^'U^Qabs(i^)di^ = 47ra^y B^(Teq)Qabs(i^)di^ (24) 

where B^{T) is the Planck function, and u^, is the spectral density of the 
ambiant radiation field. Because the emissivity of interstellar grains in- 
creases with frequency as , the right hand side of the thermal equilibrium 
equation scales with the 6**' power of the grain temperature. For standard 
interstellar grains, we get: 

f U \ 

Teq 17.5 33 K (25) 

eV cm / 

where U = J u^dv is the total energy density in the UV /visible radiation 
field. 

The weak dependence of the big grain equilibrium temperature with the 
radiation energy density implies that the wavelength of the peak emission of 
a galaxy in the infrared will change systematically, but rather slowly, with 
its luminosity. The peak wavelength will move from about 150 /xm for a cold, 
low-luminosity galaxy, to 50 /xm for a warm, ultraluminous infrared galaxy 
in which the radiation energy density is several thousand times larger. 

An out of thermal equilibrium dust emission was discovered in reflexion 
nebulae (Sellgren et al. 1983) and attributed to particles small enough to 
undergo large temperature fluctuations through the absorption of a single 
optical or ultraviolet photon. These particles have been identified with poly- 
cyclic aromatic hydrocarbon (PAH) molecules by Léger and Puget (1984). 
Puget et al. (1985) proposed that this emission could explain the diffuse 
galactic emission around 10 /xm. Since this discovery, the PAH emission has 
been seen everywhere in the diffuse interstellar medium through photomet- 
ric observations with the IRAS and COBE satellites. A specific prediction 
of the single photon excitation model is that the spectrum should increase in 
intensity with the intensity of the radiation while keeping the same shape. 
A striking spectroscopic observation with the ISO satellite has confirmed 
that the 3 to 20 /xm interstellar emission spectrum keeps the same shape 
when the radiation density changes by 4 orders of magnitude Boulanger. 
A detailed description of the infrared emission of interstellar dust can be 
found in Puget (1985) and a review of the out of equilibrium emission is 
given by Puget and Léger (1989). 
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The mid-infrared emission is dominated by emission from the diffuse 
interstellar medium and photodissociation regions which all produce the 
same spectrum from polycyclic aromatic molecules. In addition, a compo- 
nent at intermediate wavelengths (20 to 80 /im) is due to grains that are 
small enough to have temperature fluctuations, and nevertheless big enough 
to be sensitive to multiphoton processes. As a consequence, they exhibit a 
spectrum that changes with the radiation density. 



3.2 Infrared spectra of extragalactic sources 

The description of interstellar infrared emission in terms of the three main 
mechanisms summarised in the previous section has been proposed by 
Désert et al. (1986) and explains rather well the qualitative behaviour of 
the spectral energy distributions of infrared galaxies as observed. 

Normal and starburst galaxies have spectra for which most of the en- 
ergy is concentrated in the UV, visible and infrared wavelengths. From UV 
to near-infrared, the radiation escaping from a galaxy is mostly starlight. 
It also contains a nebular component from HII regions. A fraction of this 
radiation is absorbed by dust and reemitted at longer wavelengths, mostly 
beyond 6 /xm, with a maximum of emission between 50 and 150 /xm depend- 
ing on the galaxy type and luminosity. 

The colours of the galaxies in the infrared have been analysed by Soifer 
and Neugebauer (1991) in terms of the ratio of the emission in the IRAS 
photometric bands. The ratio of emision at 60 /xm over that at 100 /xm 
increases systematically with luminosity as expected. The ratio of the emis- 
sion at 12 /xm over that in the far infrared (60 and 100 /xm) decreases with 
luminosity. This decrease is probably due to the absorption of a fraction 
of the mid-infrared emission in the optically-thick nuclei of the ultralumi- 
nous galaxies. The ISO observations show that the destruction of aromatic 
molecules which is observed in HII regions produces a spectrum that differs 
from the one observed, for example, in the ultraluminous infrared galaxy 
Arp 220. 

Typical spectral energy distributions of nearby spirals, mild starbursts, 
luminous infrared galaxies (LIRGs with 10^^ < Lir, < lO^^L©), and ultra- 
luminous infrared galaxies (ULIRGs with Lir > lO^^L©) are displayed in 
Figure 3, with a fit by theoretical spectra that will be detailed in 
Section 6. Figure 4 gives the IR luminosity sequence from lO^T© to several 
times \Q^^Lq. The temperature of the big grains increases with increasing 
luminosity and gives the blueward shift of the emission peak, whereas the 
weight of the very small grains and PAHs decreases. It is also conspicu- 
ous that the optical spectra alone give little information on the IR/submm 
emission. As a consequence, a proper evaluation of the luminosity budget 
in high-redshift galaxies requires multiwave length observations. 




Logio [Fj (Jy) 
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Fig. 3. Spectra of infrared galaxies. Data are drawn from the samples of 
Rigopoulou et al. (1996) for LIRGs and ULIRGs, and Boselli et al. (1998) for 
spirals, compiled by Devriendt et al. (1999). The curves give models of spectral 
energy distributions which reproduce the continuum on a broad wavelength range 
(see Sect. 6). 



Ultraluminous galaxies like Arp 220 have a spectrum which shows sig- 
nificant differences with the spectrum of less luminous starburst galaxies. 
The wavelength of the peak emission shifts from 80 to 50 /xm, and the dif- 
ferences in the mid-infrared spectra can be accounted for by an extinction 
of the order of 100 visual magnitudes. 

The galaxy M 82 is a starburst of moderate luminosity. For a “M 82 
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Fig. 4. Spectral energy distributions of the nine galaxies in Figure 3 forming an 
IR luminosity sequence (from Devriendt et al. 1999). The less luminous spiral has 
Fir = 2 X 10^ Lq. The intermediate curve is M 82, a mild starburst with Lir = 
6 X 10^° Lq. The most luminous ULIRG of the sample has Lir = 3.4 x 10^^ L©. 



type” spectrum, the K correction factors can be computed as a function of 
redshift for the wavelengths of some recent infrared and submillimeter cos- 
mological surveys which will be discussed in Section 4. These K correction 
factors are displayed in Figure 1. The corresponding log fV — log S' predicted 
for a strongly evolving population and these K correction factors are shown 
in Figure 2. 

4 Observations 

4.1 Deep surveys of weak sources 

4.1.1 ISOCAM deep surveys of distant galaxies 

A set of surveys with increasing depth and decreasing area have been carried 
out with ISOCAM at 6.5 and 15 pm. The deepest surveys at 15 pm reach a 
flux detection limit of 50 ply. This is more than a factor 1000 below the sen- 
sitivity of the deepest survey carried out by IRAS in the north ecliptic pole 
region (Hacking and Houck 1987). Thus, these surveys give us a completely 
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new view on the infrared Universe at large distances. Putting together the 
counts from all these surveys, Elbaz et al. (1999) obtain the number counts 
shown in Figure 5. From strong sources (above about 10 Jy) down to a few 
mjy, the slope of the number counts flattens out from Euclidean (3/2) down 
to 1.3. The remarkable features of these counts are a rather sharp break in 
the slope which goes from a value close to Euclidean at fluxes larger than 
1 mJy, to a power-law index larger than 2. At fluxes smaller than about 
200 faly, the power-law index of the number counts decreases to values of 
1 or less, indicative that sources down to 50 /xJy contribute to more than 
half of the integrated background at this wavelength. 




0.01 0-10 1-00 10-00 100-00 1000.00 
ioj,„ S (mJy) 



Fig. 5. ISOCAM number counts at 15 /rm from Elbaz et al. (1999). 

This is the sign either of a strong cosmological evolution or of an in- 
creasing K correction (or both). In the Hubble Deep Field where one of 
the deepest surveys was carried out, 42 galaxies have been detected above 
100 iiJy. Among these, 26 have been identified with galaxies of known red- 
shifts. The bulk of the sources happen to be concentrated in the redshift 
range 0.5 to 1.4 (Aussel 1998). All these galaxies have high luminosities (at 
least a few 10^^ Lq). 

4.1.2 ISOPHOT deep surveys of distant galaxies 

With a 60 cm aperture (the size of the IRAS telescope), the gain of ISO in 
angular resolution is limited, and only due to the fact that IRAS detectors 
at long wavelengths were significantly bigger than the ones which would 
have allowed a proper sampling of the diffraction-limited beam (4 arcmin at 
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100 fj,m for a full width at half maximum (FWHM) of the diffraction limited 
beam of 0.7 arcmin). The gain brought by ISO is twofold. In sensitivity, 
for a deep survey with 256 seconds per sky pixel at 175 /im, the rms noise 
with the ISOPHOT C-200 array is equivalent to 2.4 mJy per pixel, to be 
compared with the 60 mJy sensitivity of the deepest IRAS survey near the 
north ecliptic pole. In wavelength coverage, ISOPHOT has a photometric 
capability which extends to 200 /xm. For cosmological applications, the 
broad filter at 175 /xm gives a very efficient combination of high sensitivity 
and stable behaviour (no spontaneous spiking, little memory effect) at a 
wavelength significantly larger than the longest IRAS wavelength. 

The K corrections for a starburst galaxy shown in Figure 1 for a set 
of wavelengths illustrate well that the observations at 175 /xm benefit from 
a K correction factor that increases for redshift between 0 and 1.2, and 
stays larger than unity up to a redshift of 2.5. The combination of the 
more favorable K correction factor and better sensitivity allows the deep 
ISOPHOT surveys to test the indication found in the IRAS 60 iim faint 
counts for a strong evolution of infrared galaxies (Bertin et al. 1997). 

Counts have already been published (Kawara et al. 1998; Puget et al. 
1999; Dole et al. 1999). The integral number counts of the large FIRBACK 
survey at 175 /xm are shown in Figure 6. The slope a is larger than 2 
and thus, as demonstrated in Section 2, implies a very strong cosmologi- 
cal evolution. The optical identification of the sources is in progress. This 
identification is made delicate by the uncertainties in the ISOPHOT posi- 
tions, and multiwavelength information has to be used. Models described in 
Section 6 predict that most of these sources should be at moderate redshift, 
comparable to those of the deepest ISOCAM surveys. 

4.1.3 Deep cosmological surveys with SCUBA 

The SCUBA instrument at the focus of the James Clerk Maxwell Telescope 
on Mauna Kea surveyed small patches of the sky at 850 /xm down to a 
limiting flux of 2 to 3 mJy. The K correction factor at 850 /xm increases 
with redshift much more than at 175 /xm. This makes counts at 850 /xm 
very sensitive to cosmological evolution. Various deep surveys at 850 /xm 
have been achieved with the SCUBA instrument (Smail et al. 1997; Hughes 
et al. 1998; Barger et al. 1998; Bales et al. 1999). 

The counts from Barger et al. (1999) are shown in Figure 7. The 
statistics remain limited, but the observations confirm that infrared galaxies 
must undergo a very steep cosmological evolution between the present time 
and a redshift of about 2. Optical identification and spectroscopic follow- 
up are in progress. Although these identifications are also delicate, the first 
published results seem to show that a significant fraction of the sources are 
at redshift beyond 1 and look like distant LIRGs and ULIRGs (Smail et al. 
1998; Lilly et al. 1999). Several submm sources correspond to optical blank 
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Fig. 6. ISOPHOT number counts at 175 /rm for the FIRBACK survey, from Dole 
et al. (1999). Model E from Guiderdoni et al. (1998) is the solid line, and model 
A is the dotted line. 



fields that might indicate very distant objects. 



4.2 Observations of the Cosmic Background 

The detection of an isotropic Cosmic Background is very difficult for sev- 
eral reasons. First, it requires an absolute measurement. Second, at long 
wavelengths, the atmosphere, the telescope, and the instrument all radi- 
ate strongly. Thus the absolute measurements can be carried out only 
from space and with cryogenically cold optics and instrument. This was 
done with two instruments of the Cosmic Background Explorer (COBE) 
launched by NASA in 1989. FIRAS was a polarised Fourier transform spec- 
trometer with absolute total flux calibration working from 100 /im to 5 mm. 
It was mainly designed to measure the spectrum of the Cosmic Microwave 
Background (CMB), but could measure all extended backgrounds in this 
wavelength range, although with very limited angular resolution (a FWHM 
of 7 degrees). DIRBE was a 10-band absolute photometer working between 

1.2 fini and 240 fim, with an angular resolution of 40 arcmin. This instru- 
ment directly aimed at the detection of the Cosmic Infrared Background 
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Fig. 7. SCUBA number counts at 850 pm from the compilation of Barger et al. 
(1999). The solid dots are new data published by Barger et al, with the error bars 
indicated by thin solid lines. The straight line is a fit. Other open symbols are 
the compilation of data available in the literature. The dotted lines show models 
A and E from Guiderdoni et al. (1998). 



(CIRB) due to dusty galaxies at cosmological distances. 

4.2.1 Relevant foreground observations 

Even from space where the emissions from the optics and instrument are 
well below the expected level of the CIRB, the detection of the integrated 
contribution of infrared galaxies at all redshifts is still a very difficult mea- 
surement because of the local foregrounds. 

The closest one is the emission of interplanetary particles heated by the 
sun. The zodiacal cloud scatters but also absorbs, and thus re-emits, solar 
radiation. The emission of the zodiacal dust presents a maximum centered 
in the ecliptic plane and has been very well detected by IRAS between 
12 and 100 pm, and in an even broader spectral range by COBE. This 
emission peaks around 20 pm, and, at this wavelength, it is typically a 
thousand times brighter than the expected level of the CIRB. Because of 
the maximum temperature of interplanetary dust particles (around 300 K), 
the brightness quickly drops at shorter wavelengths to reach a minimum at 
a wavelength of about 3 pm. The zodiacal emission has a seasonal variation 
depending on the position from which the sky is observed from within the 
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zodiacal cloud. 

The second foreground is the emission of interstellar dust particles which 
peaks around 150 fxm where the dust is embedded in the diffuse interstellar 
radiation field. It dominates over the zodiacal dust emission above typically 
100 /xm. The interstellar dust being concentrated in the galactic plane, 
this emission decreases with galactic latitude 6 as 1/ sin b on an average. 
Nevertheless, the distribution is inhomogeneous, and is located mainly in 
the so-called “interstellar cirrus clouds”. The best places to detect and 
measure the CIRB will be the minima of the interstellar emission. At longer 
wavelengths, the interstellar emission decreases and presents a minimum 
around 3 mm where free-free emission starts to dominate. 

The combined foreground at high galactic and ecliptic latitudes thus 
presents two minima in wavelengths at roughly 3 /xm and 3 mm. However, 
in the 3 /xm spectral window, the foreground emission is still a factor of 30 
brighter than the CIRB we want to detect. Beyond 1.5 mm, the noise in 
the FIRAS experiment makes the detection of the CIRB very difficult. So 
the wavelength range which is the most favorable one to detect the CIRB 
after a good foreground subtraction is 300 to 800 fim. 

The CMB originating at the time of recombination of the cosmic plasma 
at a redshift around 1000 is a black body at a temperature of 2.73 K (Mather 
et al. 1994). It peaks at ~ 1 mm, and its intensity at this wavelength is 
about a thousand times brighter than the expected CIRB. Its exponential 
cut-off makes it comparable to the CIRB at ~ 300 /xm. The CMB is 
very well measured at longer wavelengths, and it can be removed, together 
with its dipole component associated with the motion of our galaxy in the 
universe, to a very good accuracy. The possible spectral distortions from a 
pure black body are well identified and all present a spectrum that is very 
different from the CIRB due to distant galaxies. 

4.2.2 The cosmic infrared background at sub-millimeter wavelengths 

The zodiacal emission has been modelled in detail by Reach et al. (1996), 
and can be removed from the FIRAS data. The required accuracy of the 
model is not a problem, as zodiacal emission is not dominant at wavelengths 
larger than about 200 /xm. The most difficult problem is the removal of the 
interstellar emission. The emission of dust associated with the HI gas can be 
measured through its correlation with the HI column density traced by the 
21 cm line emission. The emission from dust associated with the ionised in- 
terstellar gas is more difficult to remove because, until recently, no extended 
survey of a ionised hydrogen tracer was available over a large fraction of the 
high-latitude sky. Lagache et al. (1999) made a first determination of 
this emission and found that the emission normalised per hydrogen atom is 
slightly weaker where the hydrogen is ionised, and has a warmer spectrum. 
Nevertheless, this remains the main uncertainty in the determination of the 
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cosmic background around 140 /xm. Schlegel et al. (1998), and Hauser 
et al. (1998) get a value larger than Lagache et al. for the CIRB because 
they find a negligible contribution from dust associated with the ionised gas. 
At wavelengths larger than 300 /xm and after selection of the 0.5% of the 
sky which has the lowest interstellar column density, the LIRAS spectrum 
of the CIRB can be obtained with uncertainties which are dominated by 
instrument noise (Puget et al. 1996; Fixsen et al. 1998). The best recent 
determinations of the CIRB are gathered in Figure 8. Upper values from 
DIRBE are given by Hauser et al. (1998). The two DIRBE points at 140 
and 240 /xm are analysed by Hauser et al. (1998), and Lagache et al. (1999). 

Upper limits are extracted from 7-ray experiments (W/B from Biller 
et al. 1998, and CAT from Barau 1998). The ISOCAM faint counts give 
lower limits respectively at 6.5 /xm (Désert, private communication), 12 /xm 
(Clements et al. 1999), and 15 fim (Désert et al. 1998; Aussel et al. 1999; 
Elbaz et al. 1999). Lower limits at 60 /xm, 175 /xm, and 850 /xm respectively 
come from the IRAS counts (Lonsdale et al. 1990), the ISOPHOT counts 
(Puget et al. 1999), and the SCUBA counts (Hughes et al. 1998). 



4.2.3 The cosmic background at all wavelengths 

The cosmic background has been detected in the X-rays and 7-rays. In 
the ultraviolet, a good upper limit has been given by Martin et al. (1991). 
The sumtotal of UV counts is from Armand et al. (1994). In the opti- 
cal, no meaningful measurement of the cosmic background is possible so 
far, because of the brightness of the zodiacal cloud (the scattering of solar 
radiation). However, the Hubble Space Telescope has now provided very 
deep counts at several wavelengths reaching the fluxes where the slope of 
the number counts (the a parameter of Sect. 2) becomes small, and the 
background converges. It is thus possible to integrate these counts, and 
get a good estimate of the Cosmic Optical Background (COB, Williams 
et al. 1996; Pozzetti et al. 1998). The AT-band counts are from Gardner 
et al. (1993), and the point at 3 /xm from Dwek and Arendt (1998). A 
diffuse component could also exist if scattering occurred between distant 
sources and us. If such a scattering was important, it would act mostly at 
short wavelengths, and its importance would decrease with wavelength. In 
the ultraviolet, the measurements show that the total background is close 
to the value deduced from the integration of the source counts, and that 
the diffuse part can be at most comparable to the contribution from the 
sources. This fraction is thus small in the optical range. The combined 
spectrum of the Cosmic Background is shown in Figure 8. 
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u (in Ghz) 



Fig. 8. Observations of the Cosmic Background compiled by Gispert et al. (1999). 
Ordinates are = XI Data from the UV to the submm are detailed in the 
text. The solid line gives the value of the CIRB determined by Guiderdoni et al. 
(1997) and Lagache et al. (1999). The dot-and-dashes give an eye fit to the 
Cosmic Background. 



4.2.4 ISO observations of the background anisotropies 

As we pointed out in Section 2, it is very interesting to try to detect the fluc- 
tuations of the background in the far-infrared, where steep number counts 
are found. In this case, background fluctuations are expected to be domi- 
nated by faint sources and not by sources which are just below the confu- 
sion limit. The FIRBACK survey has provided us with high signal-to-noise 
maps of the far-infrared background. The fluctuations must be analysed 
in Fourier space, to attempt a first separation of the galactic foreground 
fluctuations from the ones of the Cosmic Background. On the one hand, 
the cirrus structure has been studied by Gautier et al. (1992), who have 
shown that the brightness variations have a power spectrum P{k) (x k~^ 
(k being the spatial frequency). On the other hand, the instrumental noise 
can be obtained by comparing independent FIRBACK observations which 
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were repeated four times for that purpose. As the power spectrum of fluc- 
tuations due to the faint sources is expected to be close to a white noise, we 
can decompose the observed power spectrum of fluctuations into its three 
components. This method was proposed by Guiderdoni et al. (1997), and 
a first attempt at such a decomposition was carried out by Lagache (1998). 
It is shown in Figure 9. A comparison with the predictions of Guiderdoni 
et al. shows a cirrus component following the expected behaviour, a lower 
instrumental noise for the ISOPHOT 175 /xm data, and a level of the GIRB 
fluctuations somewhat larger than the predicted one. 




0.01 0.10 1.00 
k = 1/0 [arcmin”^] 



Fig. 9. Predicted power spectrum of fluctuations for a deep survey with 
ISOPHOT, from Guiderdoni et al. (1997): cirrus for three H column densities, 
confusion due to sources (for three different models of evolution) and beam pro- 
jected onto the sky (for two instrument noise levels). 



5 Cosmological implications 

5.1 Where is the nucleosynthesis energy? 

The sumtotal of the fluxes of the GIRB (3.1 x 10“® W m“^ sr“^ for 
A > 6 /xm) and GOB (1.7 x 10“® W m“^ sr“^ for A < 6 /xm) gives the level of 
the Gosmic Background associated with stellar nucleosynthesis (Partridge 
and Peebles 1967), provided the heating is only due to young stars. The 
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bolometric intensity of the “fossil” background (in W sr“^) is pro- 
portional to the local density of heavy elements according to the following 
equation: 



f £boi àl _ cy Pzjz = 0)c^ 
J 47T (1 -I- z)4 47T (1 -I- Zeff) 



(26) 



where Zeff is an effective redshift for the nucleosynthesis, eboi(t) = ??(1 
+z)^pz{t) is the physical emissivity due to young stars at cosmic time t, 
and 7] = r]Y^Y / AZ + r]z is the efficiency for stellar He {yy) and metal 
{yz) nucleosynthesis. The observational value corresponds to AY j AZ = 3. 
This gives a prediction for the local comoving density of heavy elements 
amounting to pz{z = 0) = (2.2 — 4.4) x lO”^ Mq Mpc“^ for Zeff = 1 — 3. 

An approximate census of the local density of heavy elements pz{z = 0) 
can be obtained from the local blue luminosity density ps(0) = (9.0±1.4) x 
10^ Lbq Mpc“^. About 2/3 of this luminosity density is in disks (with 
M/T ~ 2 Mq/Lbq, and Z ~ 0.02), and 1/3 is in bulges (with M/L ^ 
6 Mq/Lbq, and Z ~ 0.05, that takes into account heavy elements ejected 
into the IGM of rich clusters according to Mushotzky and Loewenstein 
1997). This gives only pzi,z = 0) ~ 1.1 x 10^ Mq Mpc“^. If all the Gosmic 
Background is the fossile light from stellar nucleosynthesis, a significant 
fraction of the heavy elements should be hidden now in stellar remnants 
or the IGM. However, the local census of heavy elements corresponds to a 
background that is in good agreement with the level of the GOB alone. 



5.2 Starburst galaxies vs. AGNs 

The alternative possibility is that a significant fraction of the GIRB is due 
to dust heated by Active Galactic Nuclei. A similar computation can be led 
to estimate the expected level of the background under this assumption, as 
a function of the local density of black holes: 

r f Cboi dl c?7bh Pbu{z = 0)c^ 

~ J 47T (1 + z)4 " 47T (1 + Zeff) ^ ’ 

where Zeff is an effective redshift for the formation of black holes, eboi(t) = 
?7bh(1 + z)^f>BH{t) is the physicalemissivity due to black hole formation at 
cosmic time t, and t/bh ~ 0.1 is the efficiency for radiation in an AGN. 

The local density of remnant black holes can be estimated from the 
above-mentioned value of the local luminosity density in bulges, with the 
observational relation between the mass of the central black hole and the 
mass of the bulge Mbh = 0.005Mbuige (Magorrian et al. 1998). That gives 
7boi ~ 14 X 10“®(1 -I- Zeff)“^ W m“^ sr“4. With Zgff = 2.5, we get I^oi = 
4 X 10“® W m“^ sr“4^ that is, about 15% of the observed GIRB. A more 
sophisticated estimate is given by Almaini et al. (1999) with the constraints 
provided by the X-ray background, that require to introduce a population 
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of “obscured” AGNs. The current constraints lead to a predicted value of 
the CIRB close to our rough estimate. There are still many uncertainties in 
this computation. On the one hand, it is possible that during part of their 
growth, black holes do not radiate {via the ADAF process). On the other 
hand, a population of “Compton-thick” AGNs (so extinguished that they 
only radiate in the IR) cannot be excluded. 

The question of the origin of dust heating in heavily-extinguished ob- 
jects is not solved on the basis of far-IR and submm measurements since 
each source of heating gives the same type of thermal spectrum (Figs. 10 
and 11). However, spectral diagnostics in the mid-IR are more interesting. 
The intensity of the 7.7 /rm feature due to the PAHs seems to be a good 
tracer to disentangle the two types of power sources. According to Genzel 
et al. (1998), the starburst generally contributes to 50 — 90% of the heating 
in local ULIRGs. About 80% of the ULIRGs in the larger local sample 
of Lutz et al. (1998) are dominated by the starburst, but the fraction de- 
creases with increasing luminosity, and the brightest objects, with Lir > 2x 
10^^ Lq, are AGN-dominated. 




Fig. 10. Spectral energy distribution of a starburst galaxy from Devriendt et al. 
(1999). The thin dashes give the spectrum without extinction. The thick lines 
give the spectra with extinction and dust emission, for the “slab” (solid line) and 
“screen” (dots-and-dashes) geometries. 
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Fig. 11. Spectral energy distribution of an ULIRG from Devriendt et al. (1999). 
Line coding is as in Figure 10. 



The IR and submm deep surveys have broken the CIRB into its brightest 
contributors, which seem to be the moderate and high-redshift counterparts 
of the local LIRGs and ULIRGs. However the redshift evolution of the 
fraction and power of AGNs that are harbored in these distant objects is 
still unknown. Moreover, both starbursts and AGNs are triggered by gas 
inflows due to interaction and merging. So the nature of the power source 
of high-redshift ULIRGs is still an open question. 

5.3 Star formation at high redshift 

The history of the cosmic Star Formation Rate (SFR) can be reconstructed 
from deep optical surveys, under the assumptions that (i) the stellar Initial 
Mass Function (IMF) is universal, (ii) the far-UV light is proportional to the 
SFR, (iii) extinction is negligible (Lilly et al. 1996; Madau et al. 1996, 1998; 
Steidel et al. 1996, 1999). Whereas very little is known about the evolution 
of the IMF, we know for sure that assumption (iii) is wrong, and the SFRs 
have to be corrected for the fraction of UV starlight that is absorbed by 
dust. Though there has been much controversy about the value of this 
correction, direct estimates based on the UV/optical/IR luminosity budget 
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at Z < 1 give a factor 3 correction at 2800 Â (Flores et al. 1998), and more 
indirect analyses based on the slope of the UV continuum at z = 3 give an 
average factor 5 at 1600 Â (Meurer et al. 1999; Steidel et al. 1999). The 
trend is that the brightest objects are also the most heavily extinguished 
ones. Of course, this method neglects the objects that are so obscured that 
they do not appear in the deep optical surveys. The redshift follow-up of 
the deep submm surveys will give the possibility to estimate the comoving 
luminosity densities and the cosmic SFR as seen in the IR/submm. So far, 
the catalogues of faint submm sources with reliable optical identifications 
and redshifts are not large enough to reconstruct the history of cosmic star 
formation as it appears in the rest-frame IR (but see Lilly et al. 1999 for a 
first attempt). 

However, an interesting constraint can be provided by the inversion of 
the CIRB. The production rate of the far-infrared radiation as a function 
of redshift can be deduced under relatively simple hypotheses. If the CIRB 
is dominated by very luminous infrared galaxies as indicated by the ISO 
results reported in Section 2, we know that these sources radiate the bulk 
of their energy between 60 and 100 /rm, and that they present a long wave- 
length spectrum much steeper than the spectrum of the CIRB. It is easy 
to understand that, in this case, sources filling the background at 150 /im 
must be at relatively low redshifts (z between 0.5 and 1.5), and these cannot 
fill the background at longer wavelengths, with its relatively flat spectrum. 
The long wavelength part has to be filled up with the emission of infrared 
galaxies at larger redshifts. If the production rate of infrared radiation per 
comoving volume element at a single frequency vq is </>,yo(z), the resulting 
cosmic background in the simple case of the Einstein-de Sitter universe will 
be given by: 



^ / y '^‘^o(^)(*^/*^o)^^^<5((l + ^) - i^/i^o)d:^dz. (28) 

This integral can be easily inverted to extract the infrared production rate 
as a function of redshift: 



Lq Mpc“^ 



= 5 X 10" f -) 

\10“® W m ^sr“i/ 



(29) 



A simple approximation of the background with a power law is valid between 
300 )j,m and 1.5 mm: 



= 59 X W m-^sr-" 



(30) 



For vq = 3x 10^^ Hz corresponding to a rest-frame Aq = 100 /im, we deduce: 



= 3 X 10^(1 -I- z) ^'^Lq Mpc 



,-3 



(31) 
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This is valid for z between 1 and 6. We can get a rough estimate of the 
evolution of the production of infrared radiation over the history of the 
universe by comparing this value with the local value given by Soifer and 
Neugebauer (1991). The star formation rate can be deduced from the IR 
luminosity density according to the following relation: 



SFR ^ Lin 
Mq yr-i 7.7 x lO^Lo 



(32) 



This is shown in Figure 12. The curve is surprisingly similar to the values 
derived from optically-selected samples and corrected for the effect of ex- 
tinction. This means that there cannot be an overwhelming population of 
sources that radiate in the IR and have not been detected yet in the deep 
optical surveys. 




Z 



Fig. 12. The history of the cosmic star formation rate. Thin, open symbols give 
values directly inferred from UV observations, without extinction. Thick, solid 
symbols give values after a correction for extinction. The thick dashes show the 
cosmic SFR deduced from the inversion of the CIRB detailed in Section 5. The 
solid line is the prediction with model E of Guiderdoni et al. (1998). 
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6 Models of galaxy in the infrared 



6.1 Spectral energy distributions 

The evolution of the IR/submm luminosities can be computed from the 
usual modelling of spectrophotometric evolution, by implementing the in- 
volved physical processes (stellar evolutionary tracks and stellar spectra, 
chemical evolution, dust formation, dust heating and transfer, dust thermal 
emission) . 

Most models prefer to assume simple relations between the dust content 
and the heavy-element abundance of the gas. The simplest assumption is a 
dust-to-gas ratio that is proportional to the heavy-element abundances. A 
fit of the extinction curves of the Milky Way {Z = Ze), the Large Magellanic 
Cloud {Z = ZqI3), and the Small Magellanic Cloud {Z = ZqI5) rather 
leads to a stronger dependence: 

< T\ >oc Zg^Ngs,s{A\/ Av) (33) 

where Zgas and A^gas are the gas metallicity and column density, s = 1.6 for 
A > 2000 Â (and 1.35 below), and A\/ Ay is the Milky Way extinction curve 
(Guiderdoni and Rocca- Volmerange 1987). A more elaborated treatment 
of the processes of dust formation and destruction can be found in Dwek 
(1998, and references therein). 

Once the average optical thickness of the disks is computed, radiation 
transfer can be solved easily provided stars and dust are homogeneously dis- 
tributed in a simple geometry. The “school cases” available in the literature 
are the following: 

• the “sandwich model” (a layer of dust between two similar layers of 
stars) A = — 2.51og{(l -I- exp— r)/2}; 

• the “screen model” (a layer of dust in front of a layer of stars) A = 
— 2.51og{exp— r}; 

• the “slab model” (a layer of dust and a layer of stars mixed with equal 
height scales) A = — 2.51og{(l — exp— r)/2}. 

The choice of these simple geometries for transfer is motivated by studies 
of nearby samples (Andreani and Franceschini 1996). Scattering can be 
roughly taken into account by multiplying the optical thickness by (1 — 
r)^/^. This reduces the extinction to absorption. The combined extinction 
curve, scattering curve, and geometry give the so-called “obscuration” (or 
“attenuation”) curve A\ that is greyer (that is, flatter) than the extinction 
curve. The total energy absorbed in the UV/optical is estimated from: 



Lir = 






(34) 
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where (Aa) is averaged for all sightlines over 47 t sr. Then the spectral en- 
ergy distributions in the IR/submm are computed with a dust model that 
includes contributions from polycyclic aromatic hydrocarbons, very small 
grains, and big grains at thermal equilibrium (Désert et al. 1990). The con- 
tributions of the three components are fixed to reproduce the observational 
correlation of IRAS colours with total IR luminosity (Soifer and Neugebauer 
1991). 

Guiderdoni et al. (1997, 1998), and Devriendt et al. (1999) proposed 
a consistent modelling of IR/submm spectra that was designed to be sub- 
sequently implemented in semi-analytic models of galaxy formation and 
evolution. Figures 10 and 11 show typical examples of a starburst galaxy 
and an ULIRG. Local templates gathered in Figure 3 are reproduced by 
these model spectra (Devriendt et al. 1999). Other spectra from the UV to 
the submm range can be found in e.g. Franceschini et al. (1991, 1994, and 
other papers of this series), and Silva et al. (1998). 

6.2 Phenomenological models 

These spectra can subsequently be used to model IR/submm counts. The 
simplest idea is to implement luminosity and/or number evolution which 
are parameterized as power laws of (1 -I- z). These power laws are generally 
derived from fits of the slope of IRAS faint counts (which do not probe 
deeper than z ~ 0.2). Then they are extrapolated up to redshifts of a 
few units. Various analyses of IRAS deep counts yield discrepant results 
at S'eo < 300 mJy, and the amount of evolution actually seen by IRAS is 
a matter of debate, though it is likely to be strong (see e.g. Bertin et al. 
1997, for a new analysis and discussion). This uncertainty increases in the 
extrapolation at higher z. Now, faint counts with ISOGAM, ISOPHOT, 
and SGUBA can be analysed with the same type of parameterization. It 
turns out that it is difficult to find a single power law (l-kz)™ for luminosity 
and/or number evolution that reproduces all the data. 

6.3 Semi-analytic models 

In the paradigm of the hierarchical growth of structures, dissipative and 
non-dissipative processes ruling galaxy formation (halo collapse, cooling, 
star formation, stellar evolution and stellar feedback to the interstellar 
medium, interactions and merging) have been modelled at various levels 
of complexity, in the so-called semi-analytic approach which has been suc- 
cessfully applied to the prediction of the statistical properties of galaxies 
(White and Frenk 1991; Lacey and Silk 1991; Kauffmann et al. 1993, 1994; 
Gole et al. 1994; Somerville and Primack 1999; see other papers of these se- 
ries). In spite of differences in the details, the conclusions of these models in 
the UV, visible and (stellar) NIR are remarkably similar. This approach has 
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been used by Guiderdoni et al. (1997, 1998), by implementing spectral en- 
ergy distributions in the IR/submm range. The interest of such an approach 
is that the values of the free parameters that appear in this modelling (gas 
mass and metallicity, radius of the gaseous disk) are readily computable in 
semi-analytic models for the overall population of galaxies. 

The standard CDM case has Hq = 50 km s“^ Mpc“^, flp = !> tV = 
0 and as = 0.67. The Star Formation Rate is SFR(t) = Mgas/G, with 
G = (3tdyn- The efficiency parameter 1/(3 = 0.01 gives a nice fit of local 
spirals. The robust result of this type of modelling is a cosmic SFR history 
that is too flat with respect to the data. The steep rise of the cosmic SFR 
history from z = 0 to z = 1 can be reproduced with a “burst” mode of star 
formation involving a mass fraction that increases with z as ( 1 - 1 - 2 :)^ (similar 
to the pair rate), probably associated with the evolution of interaction and 
merging, and with ten times higher efficiencies 1//3 = 0.1. The predicted 
cosmic SFR density is given in Figure 12 and gives a fair fit of the data. 
The resulting model, called “model A” does not predict enough flux at 
IR/submm wavelengths to reproduce the level of the CIRB. This Is sort of 
a minimal model that fits the COB and extrapolates the IR/submm fluxes 
from the optical. 

In order to increase the IR/submm flux, we have to assume that a small 
fraction of the gas mass (typically less than 10%) is involved in star for- 
mation in heavily-extinguished objects (ULIRG-type galaxies). Then a 
sequence of models is derived. The amount of ULIRG can be normalized 
e.g. on the local IRAS luminosity function (to reproduce the IRAS bright 
counts) and on the level of the CIRB. The so-called “model E” normalized 
to the flux level of the CIRB determined in Guiderdoni et al. (1997) is here- 
after used to predict faint counts that give fair fits of the data in Figures 6 
and 7. Redshift distributions can be produced. An extension to NIR and 
visible counts is given in Devriendt and Guiderdoni (1999). 

7 Future cosmological observations in the infrared 

Figure 13 gives an observer-frame IR/submm spectral energy distribution 
that is typical of a Lir = 10^^ Lq ULIRG at various redshifts. This model 
spectrum is taken from the computation of Guiderdoni et al. (1998). At 
submm wavelengths, the large K correction factor almost counterbalances 
distance dimming for z > 0.5. 

The instrumental sensitivities of various past and on-going satellite and 
ground-based instruments are plotted on this diagram: the IRAS Very Faint 
Source Survey at 60 /im, ISO with ISOCAM at 15 /im, and ISOPHOT at 
175 /im, the IRAM interferometer at 1.3 mm, and SCUBA at 450 and 
850 /tm. Forthcoming missions and facilities include the Multiband Imag- 
ing Photometer for SIRTF (to be launched in 2001), the aircraft-borne 
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L,p=10^^ galaxy at z = 0.1, 0.5, 1, 3 and 5 




wavelength A (in /^.m) 



Fig. 13. Instrumental sensitivity after an exposure time of 1 hour, compared to 
a redshifted model ULIRG with Lir = IO^^Lq. 



confusion limit within beam 




wavelength A (in /.im) 



Fig. 14. Confusion limit within the diffraction-limited beam for a diameter 
n = 0.8 m (SIRTF), 3.5 m (FIRST) and 15 m (JCMT). 






446 



IR Space Astronomy 



2.5 m telescope SOFIA (first flight in 2002), the PLANCK High Frequency 
Instrument (to be launched in 2007), the FIRST Spectral and Photometric 
Imaging REceiver (to be launched in 2007), and the forthcoming Atacama 
Large Millimeter Array (ALMA) with a collecting area of 10 000 m^ and a 
baseline of 10 km. 

Predicted faint counts at these wavelengths, that fit the current ISO 
and SCUBA data, can be used to estimate confusion limits (see Sect. 2). 
Typical results are shown in Figure 14. The final sensitivity of the next- 
generation instruments observing at IR and submm wavelengths (SIRTF, 
SOFIA, PLANCK, FIRST) is going to be confusion limited except of 
ALMA. However, the observation of a large sample of ULIRG-like objects 
in the redshift range 1 — 5 should be possible with this new generation of 
instruments. 

8 Conclusions 

The deep galaxy surveys with ISO have opened the way to a better knowl- 
edge of the optically-dark side of galaxy formation and evolution. These 
surveys have broken the Cosmic Infrared Background recently discovered 
by COBE into its brightest contributors. These observations show a strong 
evolution of the IR emission in the high-redshift universe with respect to 
the local universe explored by IRAS. This picture has been confirmed by 
SCUBA at larger wavelengths. As a consequence, only multiwavelength ob- 
servations of the deep universe can help us handle the luminosity budget of 
forming galaxies. 

However, many questions are still unanswered. What are the properties 
of dust at high redshift? Till what redshift are we going to find dust? 
What is the nature of the engine that powers ULIRGs: starburst and/or 
AGN? What drives such a fast evolution of the IR emission: interactions 
and merging, or something else? Are ULIRGs the progenitors of local bulges 
and giant ellipticals? What is the appearance of a “primeval galaxy” ? The 
forthcoming generation of IR/submm instruments working in collaboration 
with the 10 m class optical telescopes and the NGST should allow us to 
answer some of these questions. 
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